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ABSTRACT

Studies aimed at understanding the role of the interphase in providing a nonlinear response in
oxide composites are described. Debonding and sliding of single crystal and eutectic oxide
fibers coated with La-monazite caused intense plastic deformation of the LaPO, at room
temperature. Such plastic deformation mechanisms could be critical for preventing the
development of very high stresses during constrained sliding of rough interfaces. A new class
of machinable two-phase ceramics based on the debonding and deformation characteristics of
rare-earth phosphates was demonstrated. Multilayered composites, consisting of various
zirconia-based materials alternating with layers of LaPOy4, were fabricated for studies of
compatibility and debonding mechanisms. The stability of La-monazite in high-temperature
water-containing environments typical of combustion gases was demonstrated. Mechanics
analyses were developed for debonding along an irregular interface and for sliding at closed

cracks with friction at their surfaces
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1.0 Summary

Our aim in this contract was to gain a basic understanding of the design requirements for
interphases in weakly bonded, high temperature ceramic composites: the mechanisms and
mechanics of debonding; and the roles of various microstructural parameters that affect the
debonding mechanism and the resulting bridging traction law (which is the constitutive relation
that determines the macroscopic stress-strain response of the composite). We seek to
understand the role of the interphase in providing a nonlinear response after the initiation of
debonding: What are the optimum debond/damage mechanisms? How do we control debonding

and damage by microstructural design?

The work focused on oxide composites, which address the Air Force need for high temperature,
oxidation-resistant components for hot structures, thermal protection systems for space re-entry
vehicles, gas turbine engines, and rocket engines. Oxides have the clear advantage over non-
oxide composites in that they are stable in oxidizing conditions and thus do not need protective
coatings. However, their development is far less mature: advances are needed in developing
interphases that give the desired constitutive response and in developing suitable methods for

fabricating the composites.
Results from the work are described in sections 3 to 11. Some of the key results are as follows:

(1) Debonding and sliding mechanisms were studied in model composites consisting of fully
dense Al,O, matrices with LaPO,-coated single crystal and eutectic oxide fibers with varied
interface topologies and residual stresses. These studies showed that LaPO, is compatible with,
and enables debonding at all of the fibers (ALO,, YAG, ZrO,, and mullite). They also revealed
that sliding of these fibers causes intense plastic deformation of the LaPO, coating by twinning
and dislocation motion at low temperatures and that these plastic deformation mechanisms
could be critical for preventing the development of very high stresses during constrained

sliding of rough interfaces in oxide composites.
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(2) During the initial debonding of the fibers and coating in the above experiments, the debond
cracks were found to follow the interface faithfully, even when cusps due to grain boundary
diffusion existed at the interface. A mechanics analysis was developed to define conditions that
allow a debond crack to follow an irregular interface rather than deflect into the fiber coating.

The analysis extends the earlier classical work of He and Hutchinson on debond criteria.

(3) The stability of LaPO, systems in high-temperature water-containing environments typical
of combustion gases was demonstrated. Reactions were found from volatile species originating
from silica and alumina furnace tubes; in the case of alumina a very thin protective layer of
lanthanum aluminate formed on the surface. However, no reactions were detected with the

water vapor.

(4) A new class of machinable two-phase ceramics based on the debonding and deformation
characteristics of rare-earth phosphates was demonstrated. These materials have application
temperatures more than 600°C higher than those of existing glass-ceramic machinable ceramics.

Potential applications for the Air Force would include high temperature abradable seals.

(5) Multilayered composites, consisting of various zirconia-based materials alternating with
layers of LaPOy4, were fabricated for studies of compatibility and debonding mechanisms.
Mechanisms responsible for damage tolerance were identified: these included distributions of
characteristic microcracking within the LaPOg4 layers, as well as debonding at the layer

interfaces.

(6) An analytical mechanics analysis was developed to obtain the stress-strain response of a
body containing closed cracks with friction at their surfaces. The resultant nonlinear stress-
strain curves exhibit cyclic hysteresis linked to microstructural variables. The analysis offers
the prospect of accounting for fatigue properties of composites, via attrition of the frictonal

resistance at sliding crack surfaces.
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2.0 Publications, Personnel and Technical Presentations

2.1 Personnel

The principal investigator was Dr. D. B. Marshall. Co-investigators from Rockwell Science
Center were Dr. J. Davis, Dr. P. E. D. Morgan and Dr. R. Housley. The program benefited
greatly from several collaborations at universities and government laboratories: collaboration
funded from this contract with Dr. M. He at UCSB and informal collaborations with Dr. R. Hay
at WPAFB, Dr. B. Opila and Dr. A. Sayir at NASA Glenn, Prof. F. Lange at UCSB, and Dr. B.
Lawn at NIST.

2.2 Awards

Sosman Memorial Lecture Award, 1998, David Marshall, from Basic Science Division of The
American Ceramic Society "In recognition of his outstanding contribution to Ceramic Science,"
to Present Sosman Memorial Lecture

John Jeppson Award, 1996, David Marshall, Award of The American Ceramic Society “For
outstanding scientific and technical contributions to the field of mechanical properties of
ceramics”

"Shell Distinguished Lecturer" award, 1999, David Marshall, from Northwestern University,
2.3 Publications

(a) Published

Davis, J.B., Marshall, D.B and Morgan, P.E.D., “Oxide Composites of Al,0; and LaPO,” J.
European Ceram. Soc. 19 2421-2426 (1999)

Morgan, P.E.D., Marshall, D.B., Davis, J.B. and Housley R.M., "The Weak Interface Between
Monazites and Refractory Ceramic Oxides," in Computer Aided Design of High-Temperature
Materials, Eds. A. Pechenik, R. K. Kalia, and P. Vashishta, pp 229-243, Oxford University
Press, New York, 1999
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Evans, A. G., Marshall, D. B., Zok, F., Levi, C., “Recent Advances in Oxide-Oxide Composite
Technology,” Advanced Composite Materials, 8[N1] 17-23 (1999)

Davis, J.B., Marshall, D.B., Housley, R. M., and Morgan, P.E.D. "Machinable Ceramics
Containing Rare-Earth Phosphates," J. Amer. Ceram. Soc. 81[8] 2169-75 (1998)

Marshall, D.B., Morgan, P.E.D. and Housley, R. M., "Debonding in Multilayered Corhposites
of Zirconia and LaPOg4," J.Amer. Ceram Soc., 80[7] 1677-83 (1997)

S. M. Johnson, Y. Blum, C. Kanazawa, H-J. Wu, J. R. Porter, P. E. D. Morgan, D. B. Marshall
and D. Wilson, "Processing and Properties of an Oxide/Oxide Composite,"Key Engineering
Materials, Vols.127-131, pp 231-238 (1997)

Lawn, B.R. and Marshall, D.B., "Nonlinear Stress-Strain Curves for Solids Containing Closed

Cracks with Friction," J. Mech. Phys. Solids, 46[1] 85-113 (1998)

McNally, F. Lange, F. F. and Marshall, D. B., "Processing and Hardness of Single Crystal
Al>03 Films Containing Nano-ZrO; Inclusions Produced by Chemical Solution Deposition"
Phys. Stat. Sol. (a) 166 231 (1998) - Major part of work supported at UCSB by contract
F49620-96-1-003 (Prof. F. F. Lange); collaboration at Rockwell supported by this contract.

(b) in preparation

Davis, J. B., Hay, R. S., Marshall, D. B., Morgan, P.E.D., and Sayir, A., "The Influence of
Interfacial Roughness on Fiber Sliding In Oxide Composites with La-Monazite Interphases,”
for J. Am. Ceram. Soc.

Davis, J. B., Marshall, D. B. and Opila, B., "Stability of LaPO, Systems in High Temperature
Environments containing H,O vapor" in preparation for publication in the Journal of the

American Ceramic Society

M. He and D. B. Marshall "Analysis of Debonding at Interface Cusps," in preparation for

publication in the Journal of the American Ceramic Society.
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2.4 Technical Presentations

a. Invited

Sosman Memorial Lecture, “Fibrous Composites” by D. B. Marshall, American Ceramic
Society Annual meeting, Cincinnati, May 1998

“Recent Developments in Ceramic Composites” Shell Lecture, Northwestern University,
March 1999

"Interfacial Adhesion in Oxide Composites,” International Symposium on Interfaces, Seville,
September, 1999.

"Deformation and Fracture of Oxide Composites," Symposium on Processing, Microstructure
and Properties of Exotic Materials, Stuttgart, July 1999.

"Ceramic Composites for Aerospace.” Seminar, California Institute of Technology, May, 1999.

“Interfacial Fracture and Mechanical Properties of Oxide Composites” Third International
Symposium on Synergy Ceramics, Osaka, Japan, February 1999.

“New Possible Ceramics Utilizing Monazite, LaPO,” 2" international Symposium on the
Science of Engineering Ceramics, Osaka, Japan, September 1998.

“Oxide Composites,” International Conference: New Developments in High Temperature
Ceramics, Istanbul, August 1998.

“Oxide composites containing La-Monazite,” International workshop on Oxide-Oxide
Composites, Irsee, Germany, June 1998.

“Oxide Composites,” International Workshop on Ultra-high temperature Ceramics, University
of Colorado, Boulder, May 1998.

"Properties of Ceramics," National Materials Advisory Board, Workshop on Structural
Materials Research Advancements, Washington, March 1998.

“Design of Composites for High Temperature Oxidizing Environments,” International Meeting
on Composites, Lake Louise, Canada, October 1997.

"The Interface Between Monazites and High Temperature Ceramics" Conference on Computer
Aided Design of High-Temperature Materials, Santa Fe, July 1997.

"The Future of Structural Ceramics." National Science Foundation Workshop on Fundamental
Research Needs in Ceramics,"” Washington, June 1997.
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"Interface Materials for Oxide Composites" International Conference on Ceramic and Metal
Matrix Composites, San Sebastian, September , 1996, Plenary Lecture.

"Design and Properties of Multilayered Ceramic Composites," Third International Workshop
on Interfaces, Santiago, September 1996.

"Design of Interfaces for Oxidation-Resistant Composites," Gordon Research Conference on
Solid State Studies in Ceramics, Aug. 1996.

b. Contributed

American Ceramic Society Annual meeting, Cincinnati, April 1998 (2 presentations)
American Ceramic Society Annual Meeting, April 1999

American Ceramic Society Annual meeting, Cincinnati, April 1997

Society of Engineering Science, 33" Annual Meeting, Tempe, October 1996
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3.0 The Influence of Interfacial Roughness on Fiber Sliding In Oxide Composites
with La-Monazite Interphases

by Davis, J. B., Hay, R. S., Marshall, D. B., Morgan, P.E.D., and Sayir, A.

The following section is a draft of a paper being prepared for publication in the Journal of the
American Ceramic Society.
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The Influence of Interfacial Roughness on Fiber Sliding
In Oxide Composites with La-Monazite Interphases

J. B. Davis,* R. S. Hay,** D. B. Marshall,* P.E.D. Morgan*
and A. Sayir***

*Rockwell Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360

** Air Force Research Laboratory
Materials Directorate
WPAFB, OH 45433

***NASA Glenn Research Center / CWRU
NASA Glenn Research Center
21000 Brookpark Road
Cleveland, OH 44135

ABSTRACT

Room temperature debonding and sliding of La-monazite coated fibers is assessed using
a composite with a polycrystalline alumina matrix and fibers of several different single
crystal (mullite, sapphire) and eutectic (ALO3/Y3AlO0;; and ALO;/Y-ZrO,)
compositions. These fibers provide a range of residual stresses and interfacial
roughnesses. Sliding occurred over a debond crack at the fiber-coating interface when
the sliding displacement and surface roughness were relatively small. At large sliding
displacements with relatively rough interfaces, the monazite coatings were deformed
extensively by fracture, dislocations and occasional twinning, whereas the fibers were
undamaged. Dense, fine-grained (10 nm) microstructures suggestive of dynamic
recrystallization were also observed in the coatings. Frictional heating during sliding is
assessed. The possibility of low temperature recrystallization is discussed in the light of
the known resistance of monazite to radiation damage. The ability of La-monazite to
undergo plastic deformation relatively easily at low temperatures may be enabling for its

use as a composite interface.

9/19/01 dbm011000 ].



1. INTRODUCTION

Rare-earth orthophosphates (monazite and xenotime) are of interest for fiber-matrix
interphases that enable interfacial debonding and damage tolerance in oxide composites.'”
8 They are refractory materials (LaPOs melting point 2070°C), compatible in high
temperature oxidizing environments with many oxides that are either currently‘available
as reinforcing fibers or of interest for future development as fibers and matrices. They
are also relatively soft for such refractory materials (LaPO, hardness 5GPa). Studies of
several combinations of oxides and rare-earth phosphates (LaPO;-Al;03, LaPO4-ZrO,,
CePO4-ZrO;, YPO4-ALO3; and NdPO4-Al,O;3) have shown that the oxide-phosphate
interfacial bond is sufficiently weak that debonding occurs whenever a crack approaches
an interface from within the phosphate."”!! The most detailed studies have involved the
LaPO4-Al,O3 system. Other studies have shown that debonding and sliding occurs in

fiber push-out tests with model composites consisting of LaPOgs-coated single crystal
fibers of Al,O; and Y3Al501; (YAG) in polycrystalline Al,O; matrices."!?

Damage-tolerant behavior in ceramic composites requires sliding and pullout of fibers in
addition to interfacial debonding. Recent calculations suggest that such pullout would be
strongly suppressed in fully dense oxide composites by misfit stresses generated during
sliding of fibers with rough interfaces or with minor fluctuations in diameter.'* For given
strain mismatch, these misfit stresses are expected (assuming elastic accommodation) to
be larger in high-stiffness oxide systems than in non-oxide composites, which typically
contain turbostratic carbon or boron nitride interphases with low transverse elastic
modulus. However, the misfit stresses could potentially be reduced by plastic
deformation of the interphase. The higher elastic modulus in oxide interphases also
results in larger residual thermal stresses in systems with matrix and fibers of different

thermal expansion coefficients.
In this study, we investigate the debonding and sliding behavior of four La-monazite

coated fibers (single-crystal alumina and mullite, directionally solidified eutectics of

ALO3/YAG and Al,03/Y-ZrO,), chosen to provide different residual stress states and

9/19/01 dbm011000 2



interface topology. The coated fibers were surrounded with a matrix of polycrystalline
AlO;. Debonding and sliding were assessed using indentation fracture and push-out
techniques. Damage in the coating, including plastic deformation, was identified by

scanning and transmission electron microscopy (SEM and TEM).
2. EXPERIMENTAL

Four different single crystal or directionally solidified eutectic oxide fibers, grown at

NASA Glenn by a laser-heated float zone technique,'*!®

were coated with LaPO4 by
dipping in a slurry of rhabdophane (hydrated LaPQ,). The coated fibers were embedded
in a-alumina powder (Sumitomo AKP50) and hot pressed in graphite dies for 1 h at
1400°C. Uncoated fibers were included in the same specimen for reference. The fibers
were arranged in rows within the one hot-pressed disk, with separation between fibers ~ 2
mm, thus ensuring identical processing conditions for all fibers. In an earlier study, the
same rhabdophane slurry yielded pure La-monazite, with no excess La or P being
detectable either by EDS analysis of the monazite or by reaction of the monazite with

sapphire fibers after long-term heat treatment (200 h at 1600°C).?

The fibers had different surface textures and thermal expansion coefficients, thus
allowing assessment of the effects of interfacial topology and residual stress on

debonding and sliding mechanisms. The fibers were as follows:

(1) Directionally solidified Al,O3/ZrO, eutectic fibers with a two-phase microstructure of
alumina and cubic zirconia (stabilized with Y>03).* Dimensions of the individual phases
were ~0.5 pm. The starting composition of the feed rod was 60.8 mole % ALO,; 39.2
mole % ZrO, (9.5 mole % Y,0,)) with purity levels 99.995 % or better. X-ray and
SEM/TEM analysis did not show any third phase, indicating that all of the Y,03 was in
solid solution in the ZrO, phase. The surfaces of the fibers were rough on the scale of the
microstructure (Fig. 1(a)). The fiber diameters were ~100 pm with fluctuations of ~2 um
over lengths of ~200 pm. Thermal mismatch during cooling of the composite caused

tensile radial stresses normal to the fiber surface (Tablel).

9/19/01 dbm011000 3
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Mullite (single crystal
(c)

Figure 1. Scanning electron micrographs of fiber surfaces: (a) ZrO,/Al,O; eutectic fiber,
(b) A1,05/YAG eutectic fiber, and (c) mullite single crystal fiber.

(2) Directionally solidified ALO3/YAG eutectic fibers,"** with a two-phase
microstructure of dimensions ~0.5 um and surface roughness on the scale of the
microstructure (Fig. 1(b)). The fiber diameters were ~100 um, with fluctuations of <1

um over lengths of ~1 mm. Thermal mismatch stresses were of the same sign as for the

AlO3/Zr0; fibers but were smaller in magnitude (Table 1).

(3) Mullite single-crystal fibers formed from a source rod of high purity (99.99%)
polycrystalline alumina powder (CERAC) and 99.99 % pure SiO? (Alpha Products),
which gave 2:1 mullite as described in Ref.15. In the as-grown condition the fibers had
smooth surfaces but relatively large fluctuations in diameter (50 £ 5 um, Fig. 1 (¢)) with
period ~ 100 pm. Thermal mismatch caused large compressive radial stress in the

coating and at the fiber-coating and coating-matrix interfaces, with tensile circumferential

stress in the coating and matrix (Tablel).

9/19/01 dbm011000 4
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(4) Sapphire fibers, which had smooth surfaces (as-grown) and relatively uniform
diameter (100 + 1um). These were included for comparison with previous studies of this
system."”  All residual stresses except the circumferential (and axial) tension in the

coating are small.

TABLE 1 Representative* residual stresses in composites of monazite-coated fibers in
polycrystalline Al;O3; matrix. Stresses in MPa.

Fiber

Stress component Sapphire  Mullite  ALOYYAG  ALOy/ZrO,

Radial (coating/fiber) 15 -720 130 240
Radial (matrix/coating) 25 -630 140 240
Circumferential (coating) 300 420 290 280
Axial (fiber) 7 -1160 240 420

*Values in this table are intended only as rough guide for relative stresses. They were calculated using a
coaxial cylinder analysis, assuming a temperature change of AT = 1000°C, coating thickness 2 pm, zero
volume fraction of fibers, and the following Young’s moduli and thermal expansion coefficients (nominal
isotropic, temperature-independent values): polycrystalline Al,O; (400 GPa, 8 x 10° °C™); sapphire (400
GPa, 8 x 10 °C"); mullite (200 GPa, 4 x 10° °C");* ALO4/ZrO, (300 GPa, 9 x 10° °C"); and
ALOy/YAG (350 GPa, 8.5 x 10° °C™).'%"

The hot-pressed disk was cut into slices (thickness ~0.3 to 2mm) normal to the fibers.
The surfaces of the slices were polished using diamond paste and some of the polished
slices were thermally etched. The thicker slices were used for indentation cracking
experiments, which involved placing Vickers indentations (10 kg load) in the
polycrystalline alumina matrix near the fibers. The indenter was oriented so that one of
the median/radial cracks grew towards the fiber to test for interfacial debonding. The
thinner slices were used for fiber push-out experiments, which involved loading a flat
punch (truncated Vickers indenter) onto the end of each fiber while the slice was

supported in a fixture with a gap beneath the fiber. Some specimens were fractured after

9/19/01 . dbm011000 5



the push-out test to separate the debonded interface. The indented and pushed out

specimens were examined by optical and scanning electron microscopy (SEM).

Specimens used for fiber push-out were also sectioned parallel and perpendicular to the
fiber axes and examined by TEM (Phillips CM20 FEG operating at 200kV) to allow
identification of damage within the LaPO4 coating caused by debonding and sliding.
Four Aleg/YAG fibers were examined in the parallel section; one mullite and one
AL O3/ZrO; were examined in the axial section. The TEM foils were prepared by
impregnating the specimens with epoxy, tripod polishing to thickness of 10 pm, followed

by ion milling (Gatan model 691 operating at 4.5 kV)."®
3. RESULTS
3.1 Microstructural Observations

All of the coated fibers were surrounded with a continuous layer of LaPO4 and a fully
dense matrix of polycrystalline Al,Os. The coating thicknesses were nonuniform
(between ~ 1 um and 5 pm) and largest at the positions where the fiber surfaces were
parallel to the hot pressing direction. No reactions were observed between the LaPO,4 and
any of the fibers. Occasionally an elongated La-magnetoplumbite (LaAl;;Oy0) grain was
observed along the coating-matrix interface. Despite the presence of substantial tensile
residual stresses in all of the LaPOy4 coatings (~300 to 400 MPa, table 1), no evidence of
cracking was detected by SEM examination of polished or thermally etched cross-
sections. The grain sizes were ~ 0.5 to 1 pm in the monazite and ~ 2 to 10 um in the

alumina matrix.
3.2 Interfacial Debonding
The LaPO4 coatings protected all of the fibers from penetration of indentation cracks,

whereas uncoated fibers were always penetrated. Examples are shown for the
ALO3/YAG, ZrOy/Al,0O3 and mullite fibers in Figs. 2 to 4. The indentation cracks

9/19/01 dbm011000 6
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generally extended from the matrix into the LaPO4 coatings then arrested and caused
debonding at the coating/fiber interface. In a few cases with the ZrO,/ALO; fibers
debonding occurred at both interfaces (matrix/coating and coating /fiber). The former
response was observed previously with coated sapphire fibers and was shown to be
consistent with the debond criterion of He and Hutchinson and the measured fracture
toughnesses of the fibers, coating, and interface.! Although the fracture toughnesses of
the YAG/ LaPO4 and mullite/ LaPO, interfaces have not been measured, the present
observations suggest that they are similar to that of the alumina/ LaPQy interface (~4.5
J/m?). It is noteworthy that the fibers were protected from cracking even when the contact
area of the Vickers indentation was close enough to the fiber to overlap the coating (Fig.
3(b)). In that case the residual stress from the indentation (compressive normal to the
interface, tensile on the prospective crack plane into the fiber) would tend to inhibit

debonding and favor fiber penetration.

The interfacial roughnesses for both of the eutectic fibers were similar to the surface
roughnesses of the as-formed fibers, with amplitude ~100 - 300 nm and period ~500 nm
(Figs. 2(a) and 3(a)). This roughness amplitude is greater than that of the interfaces at the
single-crystal mullite and sapphire fibers. These initially smooth fibers developed cusps
during hot pressing where grain boundaries of the monazite coating intersected the fiber
surface. Measurements of the cusp profiles on sapphire fibers by atomic force
microscopy have been reported elsewhere.'*?° The cusp heights were typically ~ 50 nm
and the angular distortions of the surface were small (< 20°). The cusps on the mullite

surfaces are very similar.

Some insight into the effect of interfacial roughness on fiber sliding and pullout can be
gained from the observations of Figs. 2 to 4. As the debond grows around the
circumference of the fiber, the loading on the crack tip due to the indentation stress field
is initially mostly shear (although the loading eventually changes to tension if the crack
grows sufficiently). Since fiber pullout also involves shear loading of a debond crack, the
initial region of growth of the deflected cracks in Figs. 2-4 should be representative of the

behavior during the corresponding stage of pullout.
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Figure 2. Scanning electron micrographs showing interactions of indentation cracks with ALOYYAG
eutectic fibers: (a) uncoated fiber in alumina matrix (indentation located out of field of view below the
region shown), (b) fiber coated with LaPOy (indentation located out of field of view, as indicated in (d));
(c) same fiber as in (b) but showing region further along the debonded interface (arrows indicate
magnitude of sliding displacement across debond crack); (d) schematic showing locations of (b) and (c).
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Figure 3. Scanning electron micrographs showing interactions of indentation cracks with ZrO,/Al,0;
eutectic fibers: (a) uncoated fiber in alumina matrix (indentation located out of field of view below the

region shown),; (b) fiber coated with LaPO, (indentation located at top of field of view).

Mullite

Figure 4. Scanning electron micrographs showing interaction of indentation crack with single crystal
mullite fiber (coated with LaPOy in alumina matrix): (a) intersection of indentation crack with interface
and debonding (indentation located out of field of view above the region shown), (b) same fiber as in (a)
but showing region further to the right along the debonded interface (arrows indicate magnitude of sliding

displacement across debond crack).

In all cases, the initial debond crack followed the fiber-matrix interface closely, even
when the interface was rough. For the mullite fibers (Fig. 4) the sliding displacement of
the debond crack surfaces (~250 nm, i.e., opening displacement of initial indentation
crack) is smaller than the average spacing between the interfacial cusps (~ 600 nm).
Sliding caused separation of the debonded surfaces to accommodate their misfit (Fig.
4(b)), despite the constrained configuration with large residual compressive normal stress
(~ 700 MPa, Table 1). The misfit was apparently accommodated by elastic strains, with
no irreversible deformation of the mullite fiber or LaPO4 coating discernable by SEM. In
contrast, sliding of the eutectic fibers caused extensive damage in the LaPOj coating (Fig.
2 (c¢)), without discernable damage in the fibers. The damage included cracks across the

full width of the coating, aligned at ~ 45° to the interface on planes of maximum tension,
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similar to previous observations of cracking in layers of LaPQs sandwiched between
polycrystalline Al,Os'. More intense local damage is evident at individual asperities, as
in Fig. 2(c). The damage included cracking and fine lamellar features, which could be

cracks or twins.
3.3 Fiber Push-out

All of the fibers debonded during the push-out experiments. Sliding occurred unstably
over distances of ~ 5 to 10 pm at a critical load between 10 and 20 N. The average shear
stress (load divided by fiber surface area) at the critical load was 130 + 10 MPa for the
sapphire fiber, 200 + 20 MPa for the mullite fiber, 190 + 20 MPa for the ALO)/YAG
fiber, and 255 +30 MPa for the Al,O3/ZrO, fiber.

Sliding of the sapphire fiber occurred at the fiber-coating interface, as reported
previously. Grain boundary cusps were observed along the separated interfaces by SEM

and AFM, although no damage was visible in either the fiber or the coating.

Extensive wear tracks were observed in the LaPQO4 coating on both eutectic fibers,
indicating that sliding involved plastic deformation (Fig. 5). The plane of sliding was
mostly adjacent to the fiber-matrix interface, although smeared fragments of the LaPO,
coating remained on the fiber surface. In some regions (such as Fig. 5) sliding occurred

near the matrix-coating interface.
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Figure 5. Scanning electron micrographs showing ZrOy/Al,0; eutectic fiber after push-out: (a) bottom of
push-out specimen (monazite-coated eutectic fiber, polycrystalline Al,O; matrix), (b) surface of monazite

remaining attached to fiber, showing deformation due to sliding.

TEM observations from a typical region of a sectioned specimen containing a
Al,O3/YAG fiber are shown in Fig. 6. Sliding occurred along a debond crack adjacent to
the fiber. A very thin layer of the LaPO4 coating within ~ 200 nm of the plane of sliding,
is heavily deformed, whereas the coating further from the sliding plane is free of defects.
The A1203/YAG fiber surface is also undamaged. The deformed microstructure in the
LaPO4 coating consists of tangled dislocations, lamellar feature resembling twins,
microcracks, and very fine crystallites of LaPO4 with diameter as small as 10 nm (Fig.
6b). The latter features are usually characteristic of recrystallized microstructures in
other materials. The intensity of deformation generally decreased with distance from the

debond crack.
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Figure 6. TEM micrographs from monazite-coated Al,Oy/YAG eutectic fiber after push-out: (a) bright field
image showing damage in monazite either side of the sliding plane (b) high resolution lattice image from

region of heavily deformed monazite in (a); (c) region of lightly deformed monazite from (a).

Sliding of the mullite fibers occurred predominantly at the interface between the fiber and
coating. SEM observations of the separated interface revealed piastic deformation of the
LaPOj, coating in regions where the sliding displacements caused increasing misfit due to
the variable fiber diameter (region A in Fig. 7). (Note that the sliding displacements are
smaller than the period of the fluctuations in fiber diameter and larger than the spacing of
cusps associated with grain boundaries in the LaPOy4 coating.) On the other hand, in
regions where the fluctuating fiber diameter led to decreasing misfit during sliding

(region B in Fig. 7), the separated interface was very similar to that of the sapphire fiber,
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with grain boundary cusps, clean separation at the interface, and no evidence for damage

in either the fiber or the coating.

Mullite fiber

Al,03
Matrix

LaP0y4

RSC0828.090501

Figure 7. Schematic of fiber sliding for monazite-coated mullite fiber.

Direct correlation of the changes in coating damage with fiber diameter fluctuation by
TEM was difficult, because only limited areas were observed. Nevertheless, some trends
are evident. Deformation was distributed, often non-uniformly, throughout the entire
coating thickness, rather than being localized in a thin layer adjacent to the fiber as for
the YAG-alumina. In some places the monazite adjacent to the fiber was undeformed,
while in others plastic deformation was confined to an isolated grain. Extensive
microcracking was distributed throughout the coating, often at +/- ~45° to the fiber

surface.

In regions of coating inferred to have been compressed during sliding, almost the entire
coating was microcracked and plastically deformed. Extensive dislocations were evident,
with variability in density from grain to grain. Some grains were twinned parallel to the
fiber-matrix interface, the orientation of maximum shéar stress due to pushout of the

fiber. Microcracking at ~45° to the fiber surface, was extensive, with crack spacings as
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small as ~50 nm and an abundance of planar segments consistent with cleavage on (100),

(010), and (001), as reported previously.
4.0 DISCUSSION

4.1 Effects of residual stress

The residual stresses noted in Table 1 might be expected to influence whether or not
interfacial debonding occurs. Therefore, it is necessary to establish whether or not the
debonding response is affected significantly by differences in residual stress state and
crack orientation in the model experiments discussed here and those normally
encountered in a composite.

21,22

In the analysis of He and Hutchinson, the presence of residual stresses shifts the

debond criterion by an amount that depends on the parameters 1, and 1q4:

n,=0,a"*/K, ma=0qa"*/K | (1)

where G, and 04 are the residual stresses normal to the potential crack paths penetrating
the fiber or along the interface, K is the applied stress intensity factor for the incident
crack and a is a characteristic defect size. In the case of a crack oriented on a radial plane
propagating towards the fiber from within the coating, as in the indentation cracking
experiments of Sect. 3.2, the residual stresses (radial and circumferential stresses at the
surface of the fiber) are equal. With 1 and mq4 thus being equal, the residual stress would
not be expected to affect the debond condition significantly. On the other hand, for a
crack oriented normal to the fiber axis (the most important case for a composite) the
relevant stresses are the axial stress in the fiber (for penetration) and the radial stress at
the fiber surface (for debonding). From Table 1 it is evident that the magnitude of the
axial stress is about double that of the radial stress for all of the fibers, with both being
compressive for the mullite fibers and tensile for the others. Therefore, in this case the

residual stresses would be expected to bias the response towards debonding in the case of
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mullite fibers and towards penetration in the case of both eutectic fibers. However, this
result is sensitive to the volume fraction of fibers. Calculations for a fiber volume
fraction of 0.5, a value typical for structural composites, indicate that the magnitudes of
the axial stresses decrease by a factor of about 2, to a level similar to the radial stresses.
Therefore, in that case the residual stress does not affect the condition for debonding and
the observations of the debonding response of a crack oriented on a radial plane are
representative of the response of transverse cracks in the composite. The use of
indentation cracks provides a conservative indication, since the residual stress field
associated with the indentation itself tends to favor penetration of the crack into the fiber,

as discussed in the previous section.
4.2 Effects of misfit stresses

The sliding of fibers caused misfit stresses on two different length scales, one at the level
of either the grain size in the monazite coating (in the case of single crystal fibers) or the
fiber microstructure (eutectic fibers), and the other due to longer-range fluctuations in
fiber diameter. The sliding displacements in the push-out experiments exceeded the
microstructural dimensions by a factor of about 5 to 10 but were smaller than the period
of the diameter fluctuations by factors of 10 to 100. Consequently, the misfit strains in
all except the mullite fibers were dominated by the microstructural roughness (Table 2).
In the mullite fibers the superposition of misfit strains due to thermal expansion
mismatch (Table 1) and diameter fluctuations would give compressive radial misfit
stresses as high as 5.2 GPa in some regions and separation of the interface in others. This
maximum compressive stress is higher than the hardness of LaPO4 (5 GPa') suggesting
that plastic deformation should occur throughout the thickness of the coating in regions

such as area A in Fig7., as observed.
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TABLE 2. Misfit strains and stresses

Fiber

Sapphire Mullite YAG/ALO; 7210,/ AlL,04
Fiber radius (R/pm) 50 25 50 50
Microstructural roughness
or (um) 0.05 0.05 0.2 02
Ar (um) 2 2 1 1
St/R 0.001 0.002 0.004 0.004
o; (MPa)** =200 =300 -770 -730
Fiber diameter fluctuation
AR (pm) 0.5 2.5 0.5 1
Ar (um) 500 100 1000 400
(AR/R) (TZgnax/AR)* 0.0006 0.03 0.0003 0.0015
or (MPa)** -120 -4500 -60 -270

* Zmax 1S the maximum sliding displacement (~ 10 pm)
** Nominal radial misfit stresses intended only as rough guide for comparisons: stresses calculated as in

Table 1 but with radial misfit strains 8r/R and (AR/R) (TZyay/AR), the latter being the maximum misfit strain
for sinusoidal diameter fluctuation.

For all of the other fibers the maximum radial mismatch strains due to fluctuations in
fiber diameter are similar in magnitude and opposite in sign to the thermal expansion
mismatch strains. Therefore, whether or not deformation of the coating occurs in these
cases would be expected to depend on the microstructural roughness (both the profile of
the roughness and the magnitude of the mismatch strain, 8r/R). A clear distinction was
seen between the single crystal fibers, for which the mismatch strains were small (8r/R <
0.002) and sliding occurred along a single interfacial debond over displacements up to ~
5 to 10 times the period of the microstructural roughness, and the eutectic fibers, for
which the mismatch strains were larger (dr/R ~ 0.004) and extensive deformation of the
coating occurred when the sliding displacements exceeded the dimensions of the

microstructural roughness.
The oxide fibers currently available in quantities sufficient to fabricate composites are

polycrystalline alumina and mullite, with diameter ~ 12 um and grain size about 50 to

100 nm.»?* These fibers have smooth surfaces in the as-produced state. However,
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during processing with a matrix, surface diffusion leads to increased roughness due to
grain boundary grooving, with amplitude approaching half of the grain size (~20 - 50
nm). Although this roughness amplitude is smaller than that of the eutectic fibers, the
mismatch strain is similar or larger (6r/R ~ 0.003 to 0.008). Therefore, deformation of
the coating might be expected if these fibers were to be embedded in a matrix with
stiffness similar to that used in this study. However, in a composite with a porous matrix
the response would be mitigated by the reduced constraint owing to the lower elastic

stiffness of the matrix.

The maximum temperature capability of oxide composites is limited by the stability of
currently available polycrystalline fibers. Directionally solidified eutectic fibers have the
potential to provide large increases in use temperature through their greater

microstructural stability, creep resistance, and strength retention.**

However,
substantial development would be needed for economical production of fibers of smaller

diameter suitable for composite reinforcements.
4.3 Plastic deformation of LaPOy,

It is clear from Figs. 5 and 6a that plastic deformation of the monazite coating is caused
by the sliding of rough interfaces over distances that are large compared with the
roughness dimensions. Plastic deformation of monazite, in the form of twins and
dislocations, has also been observed in other experiments involving quasi-static contact
with spherical indenters at room temperature.”>>’ The occurrence of twinning and
dislocations is not surprising in the light of other studies of ceramic materials such as
ALO3, in which mechanical twinning and dislocations have been observed at low
temperatures in loading configurations with hydrostatic confining pressure.”®??
However, the microstructure that appears to be recrystallized is at first sight unexpected
for room-temperature deformation of a refractory material such as LaPO,. This raises the

question of whether local temperature rises due to frictional heating might have occurred

in these experiments.
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Local heating effects

Several approaches, based on different assumptions about dissipative mechanisms, may
be taken to estimate limits on local temperature rises during sliding If we assume that
deformation occurs quasi-statically and continuously, an upper (adiabatic) limit may be
obtained by assuming that all of the work done by the sliding asperities is dissipated as
heat within the deformed zone (~200nm thickness in Fig. 6a). With further assumptions
about the uniformity of the heat generation within this zone and the relative cross-
sectional areas of the sliding asperities and the deformation zone, such calculations give
values between 800 °C and 2000 °C, depending on whether analysis is performed for
individual asperities or for an average contact area (Appendix A). With the uncertainty
in some of the parameters in these analyses, either of these numbers could vary by a
factor of 2. Nevertheless, it is clear that large temperature rises might be expected if the

heating were to be adiabatic.

However, adiabatic heating requires a sliding velocity sufficiently large that conduction
of heat away from the deformation zone during the period of sliding is negligible.
Although the sliding velocity was not measured during these experiments, we can
calculate a very conservative upper bound for the relative velocity of the fiber and matrix.
Comparison of the corresponding sliding time with an estimate of the time taken for a
given temperature increase in the deformation zone to dissipate by conduction (from
standard transient heat flow solutions) suggests that the upper-bound sliding velocity is
several orders of magnitude smaller than that required for adiabatic heating under these

conditions (Appendix A).

A similar conclusion is drawn from application of analyses from the literature on
frictional sliding (e.g., Bowden®® and Tabor,** J aeger, Ashby>), in which the assumption
is made that work done by frictional forces is dissipated as heat at the interface between
the sliding surfaces. Solutions for the interface temperature as a function of the sliding
velocity are then obtained from analysis of heat flow into the materials either side of the
interface. Solutions are available at a macroscopic level (average) and at an asperity

contact level for transient and steady-state conditions (Appendix A). In both cases the
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calculated temperature rises corresponding to the upper-bound sliding velocity in these
experiments are small (~ 0.5°C for the asperity calculation and ~ 5°C for the average

calculation).

These calculations indicate that significant temperature rises could not have occurred in
these experiments as long as the basic assumptions that the deformation occurred in a
quasistatic, continuous manner were valid. Two mechanisms could conceivably
invalidate these assumptions. One is the occurrence of stick slip motion, giving rise to
local sliding velocities significantly larger than the average sliding velocity.*® However,
this appears unlikely, for the local velocity would need to exceed the maximum upper-
bound average velocity by a factor of 100 in order to approach adiabatic conditions. The
other mechanism is a sequence of damage events involving extensive localized
fragmentation by cracking (termed cataclastic flow in the geological literature) followed
by plastic deformation of the debris. If the debris is not in perfect contact with
surrounding material during deformation, the conduction of heat to the surroundings is
reduced and adiabatic conditions might be more closely approached. Unfortunately, it is

not straightforward to assess this effect quantitatively.

Annealing of radiation damage

Possible recrystallization of monazite may be related to the resistance of monazite to
radiation damage, and in particular to recent observations of room-temperature annealing
of radiation damage in LaPO4. That monazites are extremely resistant to amorphization
by radiation damage, and are thus ideal crystal hosts for containment of actinide or
transuranic elements is well established.”” Natural monazites, despite having large
concentrations of radioactive thorium and uranium substituted in the crystal structure, are
always found in a crystalline state rather than as an amorphous or metamic mineral.
Studies using synthetic monazite crystals have shown that this occurrence is due to the
ability of monazite to recover readily from displacive ‘damage events at near-ambient

temperatures.”’39
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In a recent study by Meldrum, Boatner and Ewing™ radiation damage in LaPO, and
several related ABOs-type phosphates and silicates were monitored as a function of
temperature in-sifu in a transmission electron microscope. Fundamental differences in
the amorphization and recrystallization kinetics between the phosphates and silicates
were observed; the critical temperature above which amorphization could not be induced
(i.e., recrystallization processes were faster than damage accumulation) was only 35°C
for LaPOg, but more that 700°C for zircon. This difference was tentatively attributed to
the higher stability of isolated PO, tetrahedra than isolated SiO4 units, with less bond
breaking being required to form the crystal structure from the amorphous structure.
Similar arguments might apply for recrystallization from a microstructure subjected to

intense mechanical deformation.
5. CONCLUSIONS

The results of the previous sections confirm that La-monazite is compatible with mullite,
YAG, ZrO, and ALO, and that interfaces between La-monazite and these materials are
sufficiently weak to allow debonding when a crack approaches the interface from within
the monazite. This conclusion holds even in the presence of substantial residual
compressive stresses normal to the interface, as in the case of the mullite fiber in an

alumina matrix.

All of the monazite-coated fibers studied (single crystal mullite, alumina, eutectic
ALO3/YAG and eutectic ZrO,/ALO, fibers, all embedded in a fully dense alumina matrix)
underwent sliding in single fiber push-out experiments. Debonding and sliding occurred
by a single interfacial debond when the sliding displacements were small and/or the fiber
surfaces were relatively smooth. At larger sliding displacements the eutectic fibers,
which had rougher interfaces, caused extensive damage in the LaPO4 coating. The
damage mechanisms included fracture, twinning and dislocations. The ability of La-
monazite to undergo plastic deformation at low temperatures, without causing any
damage to the fibers, may be critical for its use as a composite interface because of the

need to accommodate sliding of constrained rough surfaces.
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TEM observations‘ showed evidence suggesting that recrystallization may have occurred
within the intensely deformed monazite. Several analyses indicated that significant
frictional heating during sliding was unlikely unless stick-slip motion caused large
increases in local sliding velocities. The absence of significant heating would imply that
recrystallization of heavily deformed monazite is possible at room temperature, an
unusual behavior for such a refractory material. However, such behavior might be
consistent with observations of recrystallization from radiation damage in La-monazite at

much lower temperatures than in other minerals.
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Appendix A: Estimates of Heating due to fiber sliding

Several approaches, based on different assumptions about dissipation mechanisms, may
be taken to estimate limits on local temperature rises during fiber sliding. Some results
from these analyses are summarized below

Adiabatic sliding

If we assume that the work done by the sliding friction is dissipated entirely by uniform
adiabatic heating within the zone of deformed monazite adjacent to the plane of sliding,
the temperature rise is given by

AT =18/ (p cph), (AD)

where 7 is the sliding friction stress, 8 is the sliding displacement, h is the thickness of
the deformation zone, and p and c; are the density and specific heat of the monazite. For
the sliding experiment corresponding to Fig. 6, the measured parameters are: Ts ~ 200
MPa, § =5 pmand h ~ 0.2 pm. With p =5 g/em’ and ¢, = 500 J/kg.K,*' Eq. (A1) gives
AT =2000°C.

An alternative estimate based on incremental sliding of individual asperities, as depicted
in Fig A1, gives the temperature rise:

AT =H A,/ (p cp Av), (A2)

where H is the hardness of the monazite, A, is the cross-sectional area of the asperity and
Ay is the cross-sectional area of the plastic deformation zone created by the asperity as it
slides (the sliding force acting on the asperity being set equal to H A,). If we take H
equal to the room temperature hardness of monazite (~5 GPa)' and AJ/Ap ~ 2 (from Fig.
6) Eq. (A2) gives AT = 1000°C.

Fiber

Monazite

Deformed zone —/

RSC0827.080501

Figure Al. Schematic showing asperity sliding and associated deformation zone.

Both of these estimates are subject to considerable uncertainty (a factor of ~ 2) associated
with the parameters h and Aa/Ay as well as the assumption of uniform heating within the

9/19/01 dbm011000 26




¥ y 3 X 3 P Y F E

zone. Nevertheless, they indicate that large local temperature rises can occur if the
sliding velocity is sufficiently large to allow adiabatic conditions.

Estimated sliding velocity and transient heating effects

The time in transient heat conduction problems always appears normalized by the
characteristic time, T:

T=pc,d’/k, (A3)

where k is the thermal conductivity and d is a characteristic diffusion distance. In the
fiber sliding problem, d is the depth of the deformation zone and the conditions are close
to adiabatic only if the time, t;, taken to inject heat into the deformation zone is small
compared with T. If we assume that heat is conducted only into the monazite (k ~ 2
W/m.K)*! the characteristic diffusion time for a zone of depth ~ 0.2 pmist~10"s. The
time tp is given by t, = 8/ v, where & is the sliding distance and v is the sliding velocity.

The sliding velocity was not measured in the experiments described in section 2.
However we can estimate a very conservative upper bound. The experiments involved
loading the indenter on the end of the fiber using a fixed weight lowered slowly (velocity
less than 10 m/s) via a viscous dash-pot. When debonding occurred, the sliding fiber
accelerated unstably until the indenter was arrested by contacting the matrix. The
magnitude of the acceleration was determined by the resultant force acting on the fiber
(the difference between the combined weight of the loading mass, indenter, and fiber and
the opposing forces due to sliding friction and the dash-pot). An upper bound for this
acceleration, corresponding to zero resistance from sliding and the dash-pot, is simply
the gravitational acceleration, g. This acceleration acting over the measured sliding
displacement (~ 5 pm) would result in a maximum velocity of 107 m/s. A less
conservative overestimate obtained with the assumption that the sliding friction remains
constant during the test gives a value smaller by a factor of 15.

With the upper-bound velocity of 102 m/s and the sliding distance 8 = 5 um for the
average analysis of Eq. (A1), the lower bound estimate for the heat input time is t, ~ 5 x
10*s. This is more than 3 orders of magnitude larger than the value of T estimated
above, indicating that adiabatic conditions are not approached. For the asperity sliding
analysis (Eq. (A2)), the relevant sliding distance is smaller (equal to the dimensions of
the asperity, ~ 0.5 pm) giving a smaller heat input time, although still far from adiabatic
conditions (ty/ T ~ 10?).

It is worth noting the role of asperity size in the above analysis. Since both d in Eq. (A3)
and the sliding distance  that determines the sliding time (t,,) scale with the asperity
size, the ratio t, / T increases with decreasing asperity size. Therefore, if the damage
observed in Fig. 6 was caused by sequential sliding of asperities of various sizes, the
conditions for the smaller asperities would have been further from adiabatic. Given the
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conservative nature of these estimates it appears unlikely that large temperature increases
could have occurred in these experiments.

Frictional sliding analyses

In the literature on frictional sliding (e.g., Bowden and Tabor,* Jaeger,”* Ashby®) the
assumption is made that work done by frictional forces is dissipated as heat at the
interface between the sliding surfaces. Solutions for the interface temperature as a
function of the sliding velocity are then obtained from analysis of heat flow into the
materials either side of the interface. Solutions are available at a macroscopic level
(average) and at an asperity contact level for transient and steady state conditions.
These solutions can be written in the general form*

AT = (Fs v/ A) (ki/f1 + kao/lo) !, (A4)

where AT is the difference between the interface temperature and the remote temperature,
F, is the sliding force, v the velocity, A the contact area, k; and k;, are the thermal
conductivities of materials 1 and 2 either side of the interface, and ¢; and ¢, are functions
of the contact geometry, thermal diffusivities (o) and the time over which the heat is
applied. We note that a limitation of these models is that AT increases without limit as
the sliding velocity increases (i.e. as adiabatic conditions are approached), a consequence
of the assumption that the heat is dissipated at the interface rather than in a deformation
zone of finite volume.

For the analysis of sliding asperities, a convenient solution for ¢; and ¢, is that of a
Gaussian heat source applied for a time t over a circular contact area of radius ro:*°

=1, tan' (4 t oUr,H)". (A5)

An upper bound for the sliding force on an asperity is given by taking the contact
pressure equal to the hardness of the monazite and a friction coefficient of unity, so that
FJ/A = H. For asperity contact times between the limits ~ r/v and &/v, the temperature
rise estimated from Eq. (A4) for a AL,Os/YAG asperity with ro = 0.2 pm, o ~ 0.05 cm?/s,
k ~ 20 W/m.K,* and other parameters as defined above is ~0.5°C. An alternative
analysis based on the measured sliding force and uniform contact gave AT ~ 5°C.
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4.0 Stability of LaPO, Systems in High Temperature Environments containing H,0

vapor

The following is a summary of a paper in preparation for publication in the Journal of the
American Ceramic Society, by J. B. Davis, D. B. Marshall, and B. Opila (NASA Glen)

We previously demonstrated the long-term stability and compatibility of the LaPO,/ALO,
system in a closed air-containing environment at temperatures up to at least 1600°C. However,
combustion environments with flowing water vapor can be more aggressive because the
formation of volatile OH-containing species, even at very low partial pressures, can lead to
degradation over long times. Recent studies have emphasized the importance of this with

systems such as SiC that rely on a protective layer of SiO, for oxidation resistance.

To assess the stability of LaPO, in such environments, test specimens were exposed to flowing
gas consisting of 90% H,0/ 10%0, at 1 atm. in a tube furnace at 1400C for periods up to 500
hours. The test specimens were polycrystalline LaPO, formed by sintering powders synthesized
in our laboratories. Some specimens contained a few percent of dispersed AIPO, particles
formed by adding Al nitrate during processing to act as a buffer for P-rich precursors. Others
contained a few percent of AlO, particles, while another was pure LaPO, made from
stoichiometric powder. Key results are as follows:

(1) In tests using a silica furnace tube significant microstructural changes were observed, with
formation of porosity throughout and La,Si,0, near the surface, to depth ~ 60 to 100 um. After
the testing there were also isolated traces of a La-Si-Al containing glass in the interior (these
specimens initially contained AIPO, inclusions). However all weight changes were accounted
for by the reaction of LaPO, with silica vapors (SiO(OH), Si(OH), etc.) arising from reaction of
water vapor with the silica furnace tube. These results suggest that additional direct reaction of
LaPO, with water vapor under these conditions is negligible.

(2) In tests using a high purity alumina furnace tube a thin protective layer of LaAlO, and
LaAl, O, formed on the surfaces of the test specimens in regions exposed directly to the

flowing gas (Fig. 1). In the interior of the specimen, and at surfaces not directly exposed to the
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flow (i.., the bottom surface of the sample resting on an AlO, plate, Fig. 2) there was no
detectable change to the LaPO, microstructure. In particular, there was no evidence for
formation of La-rich compounds that would be evidence for loss of P due to reaction with water
vapor. All weight changes were accounted for by observed reaction with volatile species (Al
oxy-hydroxides) that originated from reaction of water vapor with the furnace tube, again
suggesting that additional direct reaction of LaPO, with water vapor under these conditions is
negligible. For applications in composites of LaPO, and Al,Q, it is worth noting the protective
nature of the LaAlO, layer that formed on the surface exposed directly to the flow. Moreover,
if the interior of such a composite were to be exposed to the environment through matrix cracks
or porosity, the concentration of volatilized Al-containing species would be many orders of
magnitude lower than in these experiments, even on the bottom surface of the plate where no

reaction was observed (Fig. 2). The experiments indicate a very high stability of LaPO, in

water-containing environments (possibly greater than alumina).

Fig. 1. Top surface of LaPO,4 exposed to 90%H,0/10%0, flowing at 0.75 cm/s at 1400°C for
250h in Al,Os; furnace tube. (b) Fractured cross section from specimen in (a). showing thin

LaAlQ; surface layer and underlying LaPO,.
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(b)
Fig. 2. (a) Bottom surface of LaPO, specimen, which rested on an Al,O; support plate while
being exposed at 1200°C to 90%H,0/10%0, flowing at 0.75 cm/s in Al,O; furnace tube. (b)
EDS analysis from (a), showing only LaPO,.
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5.0 Oxide Composites of Al,O; and LaPO,

by Davis, J.B., Marshall, D.B and Morgan, P.E.D.

The following section is a paper published in the Journal of the J. European Ceram. Soc. 19
2421-2426 (1999)
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Oxide Composites of Al,O3 and LaPOq4

J. B. Davis,* D. B. Marshall and P. E. D. Morgan
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Abstract

Some properties of oxide composites based on Al;O3
and LaPO, (La-monazite) are examined. A com-
posite consisting of woven Al,0; fibers with a porous
matrix of Al;03 and LaPOy is shown to be damage
tolerant and notch .insensitive. The feasibility of
achieving fiber sliding and pullout in a composite
with a fully dense matrix is investigated using a
small hot-pressed composite of sapphire fibers and
LaPO, matrix. © 1999 Elsevier Science Ltd. All
rights reserved. ’

Keywords: LaPO,, composites, fibres, mechanical
properties, Al;O3,

1 Introduction

Damage-tolerant, nonlinear behavior in ceramic
composites requires weak surfaces or phases that
decouple fracture processes in the matrix and the
fiber reinforcements. This can be achieved in com-
posites with a weak interphase separating strong
fibers from a strong matrix, such as in glass-matrix/
SiC-fiber composites with a weak carbon inter-
phase.!3 It can also be achieved in composites

~ consisting of strong fibers in a porous, weak matrix,

such as in carbon—matrix composites.** Until faicly
recently, all ceramic composites relied on either
carbon or BN for the weak phase. As a result, they
suffered from limited oxidation resistance.

During the past 5 years, several analogous oxide
systems have been identified, with potential for
long-term stability in oxidizing environments.
Composites with weak porous matrices of SiO/
ALO3%. ALO; ALO;/mullite,>* and AlPO4'
have been reported with room temperature
mechanical properties very similar to carbon-carbon
composites. These' oxide composites were fabri-

~ cated by infiltration of slucries into preforms of

woven fibers (small-diameter, polycrystalline alu-
mina or mullite fibers) followed by sintering. In the

“absence of a separate weak interphase between the

*To whom correspondance should be addressed.

fibers and matrix, the porous matrix bonds
strongly to the fibers. However, because of the low
elastic stiffness and fracture toughness resulting
from the porosity, cracks do not readily pass from
the matrix to the fibers, and tensile loading causes
extensive damage in the matrix before failure of the

. fibers. Failure ultimately involves pullout of fibers,

mainly in tows, and the fracture strength is relatively
insensitive to the presence of stress concentrators
such as notches and holes.® The high temperature
limitations of such composites are expected to come
from several sources: microstructural stability of fine
grained fibers, coarsening of the matrix, and inter-
diffusion of the matrix and fibers.

In fully dense systems, two classes of oxides that
allow debonding have recently been identified. One
relies on layered crystal structures such as micas,'!
B-aluminas,'> magnetoplumbites'>'® and per-
ovskites,!* with intrinsically weak cleavage planes.
The other is a group of refractory mixed oxides
(rare-earth orthophosphates with the monazite' S8
or xenotime!® structures, and several tungstates®®
and vanadates?!), which have been shown to form
weak interfaces with other oxides such as ALOs,
YAG; ZxO,, and mullite. In the case of La-mon-
azite (LaPQy), long-term stability with sapphire
fibers has been demonstrated at 1600°C, '8 thus
indicating the prospect of fabricating dense-matrix
composites with better stability than the porous
matrix systems presently available. However, most
studies of these systems have involved model spe-
cimen configurations designed to assess interfacial
debonding. With the exception of some multi-
layered composites,” fully dense composites have
not been formed, mainly because of the difficulty of
processing such composites without degrading the
oxide fibers that are presently available.

In this paper we present some properties of an
oxide composite that combines a porous matrix
and a weak fiber—matrix interface to give enhanced
nonlineat,,behavi‘o_r and potentially improved sta-
bility at high témperatures. The composite consists
of polycrystalline AlO;.fibers in a porous, two-
phase matrix of LaPOsand AL,O3. We also report
some preliminary experiments to test the ability of
LaPOj to facilitate fiber debonding and pullout in
fully dense systems. oo
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2 Experiments

A porous matrix composite was fabricated by
infiltrating woven fabric of polycrystalline alumina
fibers (3M company, Nextel 610, 8-harness satin
weave) with a slurry of ALO3/LaPO4. The slurry
contained dispersed a-alumina powder (Sumitomo,
AKP50) and solution precursor for LaPOy. Indivi-
dual layers of fabric, 15 x 15 cm?, were infiltrated,
stacked (10 layers), dried while vacuum bagging
and warm pressing, then sintered at 1100°C in air
for 1 h. The resulting composite plate was ~2 mm
thickness. Double-edge-notched tensile test speci-
mens, with dimensions ~15 x 1 cm aligned parallel
to the weave direction, were cut from the plate
using a diamond saw (Fig. 1). The saw cuts that
formed the notches were of ~150 pm width. The
specimens were loaded in tension using wedge grips
- and tabs glued to the ends. The gauge section
extension was measured using a clip gauge attached
12-5 mm above and below the mid plane, which
contained the notches.

A composite with a fully dense LaPO4 matrix
and sapphire fiber reinforcement was fabricated by
hot pressing. Since the sole purpose of this com-
posite was to test whether debonding and fiber
pullout occur in this system under tensile loading
parallel to the fibers, the simplest possible fabrica-
tion route, making use of available hot pressing
facilities, was used. Sapphire fibers were chosen to
allow hot pressing at sufficiently high temperature
to densify the matrix (1400°C) without damaging
the fibers (polycrystalline fibers would degrade at

1clip
gage

Fig. 1. Double_;edge-notched tensile test specimen of compo-
site consisting of woven AlO; fibers and porous ALO;-
LaP04 matrix.

J. B. Davies et al.

this temperature). Approximately 200 fibers of
length 40 mm were coated individually with a thick

layer of rhabdophane (hydrated LaPOg) powder |

and stacked together along a diameter of a 50 mm
cylindrical graphite die. The remainder of the die
was filled with AlL,O; powder to prevent direct

contact between the graphite dic and the LaPOy. |

The compact was hot pressed at 1400°C for 1 h, to
form an alumina disk with a small embedded sap-

phire/LaPO,4 composite, of cross-section dimen-

sions ~2 x 2 mm, along its diameter.

The test specimen shown schematically in Fig. 2
was cut from the hot pressed disc and loaded in
four-point bending with the embedded composite
in tension. The hole drilled adjacent to the embed-
ded composite served to reduce the gradient of
tensile bending stress across the composite and to
allow cracking of the ligament of material between
the hole and the edge of the specimen without
fracturing the entire beam. .

3 Results

3.1 Porous ALO;/LaPQ4 matrix composites

The microstructure of the Al,O3;/LaPO, matrix
composite is shown in the scanning electron
microscope (SEM) image of Fig. 3. The matrix
consists of a two-phase mixture of AlLO; and
LaPQ, grains, both with dimensions smaller than
approximately 0-5 pm, with fine-scale porosity
between the grains. The alumina grains in the
matrix are always separated from the fibers by a
thin layer of LaPO,4. The composites consisted of
approximately 40 vol% of fibers (20% in each of
the 0 and 90° orientations), 40 vol% matrix (Al,O3
and LaPO, in the ratio approximately 2:1) and 20

-vol% porosity (as estimated from weight measure-

meants).

The tensile response of a test specimen with
notch depth greater than half of the test section
(a/w = 0-54) is shown in Fig. 4. The net section
stress during testing (load divided by the remaining
cross-sectional area between the ends of the not-
ches) is plotted as a function of the extension mea-

- sured from the clip gauge. Also shown along the

top border is the average strain calculated from the

Fig. 2. Test specimen (AL,O3) with embédded composite of

sapphire fibers and LaPO4 matrix.
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extension measurements; however, the strain is very
nonuniform within the gauge area. The stress—strain
curve shows substantial nonlinearity in the loading
portion and coatinuously decreasing load beyond
the peak. Test specimens without notches showed
similar stress—strain curves, with strengths, in the
range 200 to 220 MPa.

The nonlinear respouse is associated with exten-
sive pullout of fibers, as seen from the separated
ends of the test specimen in Fig. 5. Failure of the
specimen occurred by separation of the matrix
along an approximately planar section between the
ends of the two. notches and pullout of individual
fibers over lengths up to'~1 cm from both sides of

' the fracture plane. Small but finite loads were sup-

ported by ‘these -bridging fibers at crack opening

displacerents of several mm. Examples of intact
_ specimens loaded beyond the peak in the stress—

strain curve are shown in Fig. 6: at a crack opening
of ~1 mm in Fig. 6(a), (showing bridging fibers)

“and at a crack opening of ~3 mm in Fig. 6(b) (in-

situ micrograph with net section stress 8 MPa).

3.2 Fully dense LaPO4-matrix composite
The microstructure of the hot pressed LaPOg-matrix
composite is shown in the polished cross-section of
Fig. 7. The matrix contains a few isolated pores,
but is ‘mostly fully dense’ LaPO,. There is no’
“apparent degradation of the sapphire fibers or
reaction with the matrix. '
Micrographs of the specimen depicted in Fig. 2
after loading to failure are shown in Fig. 8. Pulleut
of the sapphire fibers occurred over lengths of sev-
eral mm, with most fibers pulling out from one side

of the fracture surface. Although extensive crack:

Fig. 3. Microstructure of composité from Fig. 1 (secbndary
o electron ithage).. :
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ing occurred in the LaPO,4 matrix, and pieces of the
matrix pulled out with the fibers as in Fig. 8(a),
higher magnification micrographs such as Fig. 8(b)
show that debonding and sliding occurred at the
fiber—matrix interface [scratch marks due to fiber
sliding can be seen in the LaPO, matrix in Fig.
8(b); in the hole left behind after pulling out the
fiber].

4 Discussion

Under tensile loading parallel to the 0 or 90° weave

. direction, the ALO4/LaPO; matrix composite
“shows nonlinear stress—strain response, with the
- nonlinear component of strain at ‘the peak foad
“being several times the linear elastic strain extra-

polated from low loads. Failure is non-cata-
strophic, with fiber pullout over distances of ~1
cm. Strengths, in the range 200-250 MPa, are
unaffected by the presence of severe notches. These
characteristics differ from the responses reported
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 Fig. 4. Tousile test results from composite of Fig. 1.

~ Fig. 5. Separated test specimen from test in Fig. 4
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load

| (a)

(b

Fig. 6. (a) Bridging fiber tows in test specimen loaded as in

Fig. 4, intecrupted before complete separation. (b) In-situ

optical micrograph from test as in Fig. 4 at nct section stress
‘ of § MPa.

sapphire

Fig. 7. Cross-section of hot-pressed _L'aPOLg-matrix compbsite
{(secondary electron image).

for other porous matrix composites in systems
‘where strong local bonding between matrix and
fibeis would be expected (SiO2/ALO3S ALO;/

" mullite,3% AIPO,'®). The strengths of such compo-
sites under loading parallel to the 0 or 90° direc-

.. tions have been reported in the same range, while
. notch-insensitivity along with nonlinear stress-
-~ strain response and noncatastrophic failure have

been ‘reported under flexural loading and under

tensile loading in a direction at 45° to the 0/90

J. B. Davies et al.

(b)

Fig. 8. (a) Fractured test piece of LaPO, matrix composite. (b)
Higher magnification of region of fracture surface from same
specimen as (a). Dark circular area is fracture surface of sap-
phire fiber. Smooth light region is LaPOy4 coating in cylindrical

‘hole (going into page from right to left) cemaining after pull-

out of the other half of the fractured fiber.

weave direction.’ However, the large nonlinear
response has not been observed in tensile loading
parallel to the 0 or 90° weave directions. In this
case, the composites may show a very small non-

linearity before thc peak load (nonlinear compo-
“nent of strain less than 10% of the total strain) and

a jagged fracture surface associated with some
pullout of fiber tows. However, failure is cata-
strophic and the extensive pullout of individual
fibers, such as in Fig. 5, is not observed. Therefore,
it is evident that, while the porous nature of the
matrix in the ALO,/LaPO, composite most likely

contributes to the nonlinear response, the presence of -

the weakly bonded LaPO, phase at-the fiber-matrix

interface ‘greatly enhances the damage-tolerant.

behavior of the composite.
Although porous-matrix composites may be
adequate for many applications, certain uscs bene-
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fit from, or require a fully dense matrix (e.g.,
extremely corrosive environments, need for her-
metic seal). Previous studies of LaPO4/Al,O;
interfaces have demonstrated that debonding
occurs in a variety of cracking configurations
in fully dense systems.!"'® However, damage-
tolerant behavior requires sliding and pullout of
fibers in addition to debonding. Fiber sliding after
debonding would be expected to be more difficult
in fully dense systems than in composites with
porous matrices, because the higher stiffaess of the
matrix would be less accommodating for the misfit
caused by the sliding motion of any irregularities at
the interface.? .
Fiber sliding was demonstrated previously in.
pushout experiments involving isolated sapphire
fibers with LaPO, coatings in a fully dense Al,O;

“matrix.!S The interface in these experiments con-
" tained itregularities in the form of grain boundary

grooves and cusps with height ~50 nm. Sliding
occurred without permaneant deformation, imply-
ing that the misfitting asperities were accom-
modated by elastic strains during sliding. The
LaPO,-matrix composite examined in the present
study was prepared using the same starting mate-
rials and nominally identical processing conditions
as the composite used in the previous pushout
experiments.'S The results in Figs. 7 and 8 demon-
strate the feasibility of achieving fiber pullout in
fully dense systems.

The development of oxide composites with fully
dense matrices is presently limited by our ability to
densify the matrix under conditions that do not
degrade the fibers. Processing temperatures for
composites containing polycrystalline Al,O; and
mullite fibers are limited to ~1200-1300°C (lower
if pressure is used to aid densification). Such
composites require development of either higher
temperature fibers (e.g. eutectic or single crystal
fibers) or methods, currently being examined, for
promoting densification of the matrix at lower
temperatures.

5 Conclusions

An oxide composite consisting of woven ALO;
fibers and a porous matrix of AlL,O; and LaPO,
was found to exhibit much greater nonlinear
response and notch insensitivity than other porous
matrix composites. The enhanced properties were
attributed to weak bonding between the fibers and
the LaPO, phase, which allowed extensive fiber
pullout. '

The feasibility of achieving fiber pullout in fully
dense AlL,O;-LaPOy4 composites was demonstrated
using a hot pressed composite with sapphire fibers.
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6.0 The Weak Interface Between Monazites and Refractory Ceramic Oxides
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THE WEAK INTERFACE BETWEEN MONAZITES AND REFRACTORY
CERAMIC OXIDES

PETER E.D. MORGAN, DAVID B. MARSHALL, JANET B. DAVIS
AND ROBERT M. HOUSLEY

Rockwell Science Center
1049 Camino Dos Rios
Thousand Oaks, CA 91360

High-temperature, oxidation-resistant, ceramic matrix composites (CMCs),
with (La)-monazite (LaPO,) serving as a weakly bonded interphase, have been
invented. Monazite is stable and phase compatible with several other ceramic oxides
at temperatures to at least as high as 1750°C in air. The chemical and morphological
stability and debonding characteristics of monazite-alumina interfaces are examined
at temperatures of 1400°C and 1600°C. Especially important for use in high
toughness composites, the monazite—alumina and other interfaces are shown to be
sufficiently weak that interfacial debonding prevents cracks from growing from
monazite into alumina. Observations of the fracture behavior and compatibility of
LaPO, coatings in alumina and alumina-zirconia systems are discussed, and property
measurements are presented for composites consisting of alumina fibers in a two-
phase matrix of alumina and LaPO,. Weak interfaces also lead to machinable
ceramics in two phase systems of monazite or xenotime and useful oxides such as
mullite, alumina and zirconia. More surprisingly, it was discovered that pure
monazite is machinable.

1. Intfroduction

CMCs are considered for many uses in engines, filters, etc. in attempts to -
wrest a few percent more useful energy from, oil, coal and gas. Previous ceramic
composites have relied on carbon or boron nitride fiber coatings to prevent brittle
failure and are thus severely limited by degradation in high temperature oxidizing
environments. In recent attempts to overcome this limitation, several all-oxide
composite systems (such as aluminum oxide fibers and matrix) have been explored"®.

For a coating on alumina fibers to operate successfully in an alumina matrix
composite at high temperature we need: 1) chemical compatibility, 2) morphological

slightly reducing atmosphere, 5) stability in water vapor and carbon dioxide
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compatibility, 3) refractoriness, 4) stability in oxidizing and preferably also in "
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environments and, perhaps, other even more corrosive situations and 6) weak
interfaces capable of debonding; this is an extremely demanding set of requirements.

Alumina, an amphoteric (exhibiting both basic and acidic properties) oxide,
is phase compatible (viz., does not chemically react) with very few simple oxides. It
readily reacts with either basic or acidic oxides, ruling out simple oxides of elements
on the left- or right-hand sides of the conventional periodic table. This leaves only a
few oxides of elements towards the lower center of the table, such as SnO,, ZrO,
(and HfO,), TiO, (below 1420°C), and a few other more complicated choices, such
as the P-alumina/magnetoplumbite family'. In this group we observed' some,
perhaps surmountablé, morphological problems; this system has since attracted the
attention of others™’.

A few choices exist; however, in other mixed oxides, especially where an
element from the left (basic) side of the periodic table and an element from the right
(acidic) side form a neutral mixed oxide. During preliminary scoping tests of this
kind of idea, it rapidly became apparent that (La)-monazite, originally discussed in
ref. 1 and hereinafter referred to simply as monazite, was in a class of its own in
terms of its favorable physical propesties and the nature of its interface with alumina.
Monazite is non-toxic; almost completely insoluble in water, dilute acids and bases;
refractory, MP 2072 £20°C" (higher than alumina) with no decomposition up to the
melting point; and is not as easily reduced as SnO,", which also suffers from
volatility at high temperature.

LaPO, is monoclinic'>. Phosphorus is 4-coordinated in a distorted
tetrahedral environment; La is nine-coordinated by O in an unusual arrangement,
while O is 3- or 4-coordinated to 2 or 3 La and 1 P. It is a well-known, commercially
important mineral; its occurrence in rocks has been discussed earlier".

Although nature has performed innumerable phase stability experiments,
only recently have a few studies of monazite phase diagrams been done by few
people.**'® “Phase Diagrams for Ceramists™"’ contains less than a handful of
diagrams involving monazite, part of a dearth of diagrams for rare earth oxide
systems in general; this seems a curious oversight for such refractory materials with
possible uses. The potential use of monazite as a radioactive waste encapsulant has
not, however, escaped attention'®. The sintering and some thermophysical properties

of (Ce)-monazite (CePO,) for possible high temperature applications have been
reported by Hikichi et al®®.

We have also found that LaPO, is a suitable oxidation resistant interphase
for ceramic composites containing alumina as both the matrix and the
reinforcement.’ In a “closed” system, monazite is believed to be phase compatible
with alumina up to the eutectic melting point, which appears to be > 1750°C in air.
Fully dense, fine grained, diphasic, mixtures of refractory oxides (e.g., ALO;, ZrO,,
nullite) and rare-earth phosphates (e.g., LaPO,, CePO,), should be machinable as
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easy material removal should occur by formation and linking of cracks at the weak
interfaces between the two phases. As these materials are all stable to very high
temperatures in oxidizing environments (>1600°C), they offer the potential to tailor
microstructures with ranges of hardness, elastic properties, and thermal conductivity
way beyond the ranges achievable with other machinable ceramics.

2. Potential Interphase Systems
2.1 LAYERED OXIDE CRYSTAL STRUCTURES

The use of crystal structures with easy cleavage planes has been explored as
interphases that allow debonding. The first attempts used fluorophlogopite mica.’
Although adequate debonding was achieved, high temperature stability was
compromised by reactions of the fluorophlogopite with alumina and mullite. Of
more interest were the B-alumina/magnetoplumbite family of layer structures, which
are compatible with alumina and stable to temperatures up to 1800°C."

Debonding and compatibility have been demonstrated in several
systems"**2 (e.g. Na(Li)-$"-alumina, BaMg,Al,(O,,, KMg,Al,;O,,, LaAl,,0,,
and CaAl,,0,,). The main obstacles remaining involve morphology. Some success
has been achieved in grain alignment;>***?* the degree of alignment must be perfect
over distances equal to the required pull-out length (isolated grains oriented normal
to a fiber have been observed to grow into the fiber and act as effective sites for
deflecting a debond crack into the fiber).

2.2 WEAK INTERFACES

Two systems have been found in which the bond between the interphase
and the fibers is intrinsically weak, with toughnesses sufficiently low that debonding
prevents growth of a crack across the interface. One is tin dioxide, which has been
shown to provide a diffusion barrier and weak interface between glass or alumina
materials and alumina fibers (both polycrystalline and single crystal).** However, a
limitation of this system is that it could never be exposed to an even slightly
reducing environment as the eutectic melting point of the Sn-SnO, system is low
(1080°C)."

The other group of interphases are the rare earth phosphates that form the
monazite and xenotime structures. The interfaces between these compounds and
various refractory oxides are sufficiently weak to allow debonding™***. This,
combined with their phase compatibility, high melting points (many over 2000°C)
and corrosion resistance, make them appealing as components of refractory oxide
composites. Material combinations for which weak bonding and phase compatibility
have been demonstrated (at least in closed systems) include: (1) LaPO/ALQ,, the
first monazite-based system for which debonding was observed"”* (provided the
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stoichiometry of the LaPO, is 1:1, this system has been shown to be phase
compatible and morphologically stable for long periods at temperatures at least as
high as 1600°C); (2) LaPO, with Y-stabilized zirconia,”® (3) CePO, with Ce-

- stabilized zirconia®™; (4) LaPO, with mullite”, and (5) YPO, with YAG.2® Very

recently a few other ABO, structures such as CaWO, (scheelite)’* have been
proposed as weak interfaces and look promising for lower temperature uses.

2.3 POROUS INTERPHASES OR POROUS MATRIX

Several research groups are exploring an approach that relies on debonding
within a weak fiber coating rather than at an interface, with the weakness being
induced by controlled porosity within the coating.**** In this case, the interphase
material itself may bond strongly to the matrix and fiber. Examples include porous
interphases of ZrO, or ALO, in composites consisting of ALO, fibers and AlO,
matrix. Although debonding has been demonstrated in such systems, several
concerns remain. One is the extent to which fiber strength is degraded by regions of
coating that bond strongly to the fiber and by impurities that form other phases
which affect this or cause defects in the fibers. Another relates to the roughness of
the debonded region and the degree of pull out achievable. Both are n principle
controllable to some extent by controlling the size scale and volume fraction of the
porosity. However, a limitation of very fine scale porosity is its tendency to coarsen
at high temperatures. Some success has been achieved with oxide composit=: = ih
porous matrices, in which the notion of requiring debonding of individual iiters is
abandoned, and instead damage tolerance and notch insensitivity are achieved by
splitting within the porous matrix, in regions that are matrix-rich, i.e., between fiber
tows in woven composites and in regions with random fluctuations of fiber density
in unidirectional composites.*** Less-catastrophic, wood-like fracture has been
observed in such composites (examples include composites with ALO; fibers and
porous mullite, alumina, silicon nitride, or AIPO, matrices).

3. Interfacial Debonding
3.1 OBSERVATIONS OF DEBONDING IN LaPO4 - CONTAINING SYSTEMS

Examples of debonding associated with LaPO, in several systems are
shown in Fig. 1. The alumina-sapphire system of Fig. 1(a) was fabricated by packing
sapphire fibers that had been slurry coated with LaPO, in alumina powder and hot
pressing at 1400°C. The cracks at the bottom of the micrograph were generated by a
Vickers indentation located in the matrix just beneath the field of view. In Fig. 1(b) a
thin layer of LaPO, sandwiched between polycrystalline alumina shows that
debonding occurs even for relatively irregular interfaces that must exist in
_polycrystalline systems. Fig. 1(c) shows a Vickers indentation in a multilayered
composite consisting of alternating layers of LaPO, and two-phase alumina/yttria-
partially stabilized zirconia. The composite was fabricated by sequential slip casting,
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followed by sintering at 1600°C. The LaPO, layers are evidently able to contain very
severe damage due to indentation. S

Fig. 1. Scanning electron  micro-
graphs showing: (a) Debonding at
LaPO, - sapphire interface. Coated
sapphire fiber in poly-crystalline
alumina matrix, hot pressed
1400°C for 1 h. Crack produced by
Vickers inden-tation located below
the field of view, from ref. 13.

(b) Debonding at thin layer of
LaPO, in polycrystalline alumina,
from ref. 25. ’

(c) Cracking and debonding in
fayers of LaPO, in poly-crystalline,
diphasic ALOYY-Zr0O,, from ref.
25.

3.2 MECHANICS OF DEBONDING
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A general observation is that cracks are able to pass from alumina or
zirconia-based materials into LaPO4 without causing interfacial debonding.
However, cracks growing in the opposite direction cause debonding and are unable
to cross the interface. This behavior, which is clearly evident in Figs. 1(a) and (c), is
consistent with measured toughnesses and the debonding behavior predicted by the
analysis of He and Hutchinson® They define a critical value of the ratio of the
toughnesses of the. interface and the material into which the crack is about to grow
(Fig. 2). If the toughness ratio for a particular system falls above the critical value,
the cracks grow through the interface, whereas if the toughness ratio falls below the
critical value, debonding occurs. The critical value depends on the elastic mismatch
parameter, o = (E; - E\)/( E; + E)), where E, and E are the plane-strain Young’s
moduli for the two materials, as shown in Fig. 2.
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Fig.2. Comparison of measured fracturé toughnesses with the debond criterion of
He and Hutchinson,* from ref. 25.

Measured values of the toughness ratio for various combinations of materials
(LaPO, with ALO, Y-ZiO, and ALO,/Y-ZrQ,) are shown in Fig. 2. Values on the right
half of this figure (i.c., positive a), which fall below the critical curve, correspond to
cracks growing from LaPO, to the other material, while values to the left (negative a),
which fall above the critical curve, correspond to cracks growing from the other
material to the LaPO, The measured values used in these calculations are given in

Table 1. The results are in agreement with the observed cracking behavior.
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Table I - Material Properties

Material Young’s Fracture Interface Fracture
Modulus Energy Energy (J/m2)
E (GPa) ( J/m2) -
LaPO, 133 7
ALO, 400 20 4
Y-Zr0O, 200 110 7
ALOYY-ZxO, (1:1) 300 80 7

Also shown for comparison in Fig. 2 is an estimated toughness ratio for a §-
alumina coating in alumina. The toughnesses in this case were estimated from
measurements on single crystal specimens, using the lengths of indentation cracks
growing normal and parallel to the weak layers in polished cross sections normal to
the weak layers. The toughness ratio estimated in this manner (0.01) is much lower
than for the LaPO, based systems. The difficulties associated with alignment of the
B-alumina grains along the fibers and continued debonding and sliding, have been
addressed by others®

A complete analysis of debonding in these systems would also include
analysis of the influence of residual stresses, which have the effect of shifting the
critical curve in Fig. 2.3 This requires knowledge of component geometry, and is
also dependent on the presence of flaws in the layers and interfaces. Nevertheless,
qualitative trends can be easily estimated from known thermal expansion
coefficients. Since the thermal expansion coefficient of LaPO4 is almost identical to
that of ZrO, and higher than that of Al,O,, the stresses parallel to a LaPO, coating in
alumina-containing systems are tensile in the LaPO, and compressive in the other
material. Therefore, the tendency for a crack to penetrate the interface when growing
towards the LaPO, layer is enhanced (i.e. the critical curve in Fig. 2 for o <0 is
lowered), whereas the tendency for debonding is enhanced when the crack
approaches the interface from within the LaPO, layer (i.e., the critical curve for a2 >
0 is raised).

4. Composites of LaPO, and Al,O,

Several research groups are developing methods for coating fibers with

LaPO, using CVD, PVD and liquid precursors. Here we present composite

- fabrication studies using aqueous solution precursors with polycrystalline alumina
tow fibers.

Processing temperatures for composites containing currently available
polycrystalline alumina fibers are limited to < 1200°C in order to avoid grain growth
and strength loss in the fibers. Afier heat treatments to these temperatures, for times
up to several hours, various monazite precursors have been found to sinter to fine
grained (~100 to 300 nm) polycrystalline films, as shown in Fig. 3(a).

- S
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4 Fig 3. Scanning electron micrographs
showing coating and infiltration
of LaPO, from solution
precursors (with sintering at
1200°C for 1 hour): (a) LaPO,
coating (light phase) on alumina
fiber (darker phase). Sintered
surface. (b) Infiltration of LaPO,
in alumina fiber tow. Polished
cross section. (¢) Infiltration of
LaPO, (low concen-tration) in
alumino-silicate fiber  tow
(Nextel 440). Polished cross
section from ref. 20

©

When infiltrating fiber tows, the amount of monazite within the tows can be
varied over a wide range by controlling the concentration of the solution and the T
infiltration conditions (Fig. 3(b)). However, the fibers are invariably separated by a
layer of monazite after heat treatment, even when the concentration of monazite is
very low. An example is shown in F ig. 3(c): monazite film thicknesses as small as 50
nm have been observed, whereas examples of touching fibers could not be found.

Fiber tows and fabrics (Nextel 610 from 3M Company) have also been
infiltrated with slurries consisting of dispersed alumina (99.99% a-alumina, AKP30, ¢
from Sumitomo) and monazite precursor solutions. The resulting two-phase ]
alumina-monazite matrix, after sintering at 1200°C for 1 h, consists of separate
grains of alumina and monazite, both with dimensions smaller than 500 nm, with
fine scale porosity between the grains (Fig. 4(a)). The alumina grains in the matrix
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are apparently always separated from the fibers by monazite, in the same manner as
the fibers are separated from each other, as in Fig. 4(b).

()

Fig. 4. Scanning electron micrographs from composite containing alumina fibers
and alumina-monazite matrix (back-scattered electron images: lighter phase
is monazite): (a) As-sintered surface of matrix and (b) Polished cross-
section from ref. 20

. Unidirectional composites with the alumina-monazite matrix have been
formed by filament winding, with the alumina fiber tows passing through the slurry
immediately before being wound onto a drum. After drying, the composite was
sintered at 1200°C in air for 1 h. Beams of the composite (5x4x60 mm) were loaded
in flexure using four-point loading spans of 50 mm and 5 mm. The resulting load-
deflection curve is non-finear with a gradual load drop beyond the peak (Fig. 5(a)).
The nominal tensile stress corresponding to the peak load in Fig. 5(a) is, within a
rough estimate, consistent with the tensile strength having been dictated by the fiber
bundle strength: the fiber volume fraction is approximately 10%, while the early
experimental batch of Nextel 610 fiber bundle strength measured independently was
approximately 1.5 Gpa, strengths of current production fibers are higher >

The damage in the composite of Fig. 5 involved extensive cracking and
chipping of the matrix, leaving a fibrous, brush-like damage zone. The beam
remained intact even after the load had dropped to less than 10% of the peak load
(Fig. 5(b)). Debonding and sliding of individual fibers was evident throughout the
damage zone (Fig. 5(c))-
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Fig. S. (a) Nominal stress-strain
response of alumina-monazite
matrix composite in flexure;
(b) Test specimen from (a)
and (c) Scanning electron
micrograph from (b) showing
fiber debonding and sliding
from ref. 25.

S. Machiunability

All the mixtures of refractory oxides, Al,0,, ZrO, and mullite with the rare-
earth phosphates LaPO, and CePO, could be drilled using tungsten-carbide drills as
anticipated. With less phospate, drilling forces increased and drilling rates decreased
for a fixed load. A clear increase in drilling rate with volume fraction of CePO, was
evident for the Ce-ZrO,/CePO, composites. For a given volume fraction of rare-carth
phosphate, the ease of drilling is greatest in the Ce-ZrO,/CePO, system, intermediate
in the alumina/LaPO, system, and least in the mullite/LaPO, system. Most of the
results showed a nonlinear dependence of drilling rate on force.

In all of the materials containing CePO, and LaPO,, departure from a linear
Hertzian response occurs at pressures substantially below the Vickers hardness and
is similar to previously published measurements on ceramic materials, including
machinable glass ceramics, that experience distributed damage,” with a permanent
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depression left at the contact site similar to observations of Lawn and co-workers™*
in materials that contain heterogeneities and weak interphase boundaries.

6. Discussion

Naturally the basic question arises as to why monazite bonds so weakly to
some other oxides. At this early stage, we may offer only qualitative conjectures.
Firstly, inspection of a model of the monazite crystal structure indicates that it has
open irregular oxygen crystal planes, which show no readily apparent epitaxial
relationship with those of the nearly close-packed oxygens of most conventional
oxides; interfaces with good fits seem to be ruled out.

Secondly, we may resort to a (novel?) use of Pauling’s second crystal rule.
In the bulk all the oxygens in monazite are bonded to 1 phosphorus and 2 or 3
lanthanums. Because of their higher polarizability, which can reduce the surface free
energy, we speculate that oxygens are likely to terminate the surface, remaining
bonded to the 1 phosphorus with a bond valence of 5/4 (valence of phosphorus
divided by coordination). With likely attachment also to at least 1 lanthanum, a
further bond valence of 3/9 is contributed. This adds up to 1.58, a substantial portion
of the desired valence bond of 2. In reality, bonds near the surface would shorten to
increase the valence bond further and attachment to another lanthanum, which
sometimes appears possible from the crystal structure, would essentially almost
satisfy the oxygen requirement.

We conjecture that the weak bonding across the interface to some oxides
may be related to the particular crystal structure, with a lack of epitaxy and the
presence of the high valent ion, P, with a low coordination of 4, which alone can
satisfy a large portion of the valence bond to interface oxygen from within the
monazite. The fact that xenotime and scheelite seem also to work may support this
idea.

7. Conclusions

Several potentially viable approaches exist for introducing damage-tolerant
behavior in oxide composites: fiber coatings of monazite, fiber coatings of layered
oxides, or porous coatings (or porous matrix). All have been shown to allow the
necessary fiber debonding; while damage-tolerant fiber reinforced composites have
been demonstrated in monazite-alumina systems and in several porous matrix
systems. Monazite-based systems are especially appealing in view of their long-term,
high-temperature microstructural stability. Such composites are at an early stage of
development, and advances are needed in fiber coating methods, development of
improved oxide fibers (especially creep resistance) and development of methods of

matrix fabrication.
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vidence for the possibility that, in two-phase mixtures of oxides and rare earth
phosphates, easy material removal should occur by formation and linking of cracks
at the weak interfaces between the two phases, and that this should lead to
machinability, was found. Alumina, zirconia, and mullite can be rendered
“machinable” by the addition of finely dispersed rare-earth phosphates, in amounts
at least as small as 20 volume percent. But, as nominally single-phase LaPO, was
also found to be machinable, interfacial debonding cannot be the only mechanism
involved. Another possible mechanism "is that associated with the deformation
observed within individual grains of LaPO, beneath Hertzian contacts.
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Recent advances in oxide—oxide composite technology
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1. BACKGROUND

It is now well-documented that SiC and C-based ceramic matrix composites
(CMCs) are susceptible to embrittlement at intermediate temperatures (700—-900°C):
the s called ‘Pest Effect’ (Fig. 1). It is caused by the ingress of moist air through
cracks that form upon thermomechanical fatigue (TMF). The consequence is rela-
tively short life above the matrix cracking stress, o, when the application requires
cycling through the pest temperature. There is also evidence that even when op-
erating below gy, overloads can introduce damage that results in life-limiting pest
failures. While these problems do not adversely affect performance in either short
life application (e.g. in rocket engines) or in space, they substantially limit applica-
tions when long life is needed, as in aero and power turbines, etc. Accordingly, for
these applications, all-oxide CMCs are being explored.

A substantial technology base generated on SiC-based CMCs provides general
benchmarks for assessing the progress being made with oxide materials. The most
notable are as follows:

(i) Themostructural robustness requires that the material be capable of sustaining
considerable inelastic strain locally in the vicinity of strain concentrations, such
as holes/notches. These strains redistribute stresses and contribute to desirable
CMC notch performance, comparable to that for metals (and much superior to
monolithic ceramics, Fig. 2). Inelastic strains in the range 0.5 to 1% achieve
this objective (Fig. 2). -

(ii) The inelastic strain is governed by a combination of matrix cracking and
frictional slip at the fiber/matrix interfaces. The friction is, in tum, governed
by the fiber roughness and the shear properties of the fiber coating. ’
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Figure 1. The oxidation embrittlement problem in SiC-based CMCs.

(iii) Absent environmental embrittlement, the fatigue threshold is a substantial
fraction B on the ultimate tensile strength (UTS): typically, g = 0.7-0.8.
Fatigue above the threshold is attributed to changes in internal friction at the
fiber/ matrix interface.

(iv) The low interlaminar properties of 2D woven/laminated CMCs limit design
flexibility and cause degradation both at attachments and in through-thickness
thermal gradients.

2. OXIDE CMC MATERIALS

Two basic approaches have been used to create damage-tolerant, oxide CMCs. One
uses a porous matrix with porosity designed to provide a compromise between
in-plane damage tolerance and interlaminar strength. The other uses a monazite
fiber coating which can be designed to give debonding with frictional slip at the
fiber/ matrix interface. '
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Figure 2. The inelastic deformation and notch tolerance of SiC-based CMCs.

2.1. Porous matrix materials

The matrix microstructure has been designed to have a sufficiently low toughness
to enable crack deflection through the matrix while maintaining enough strength
for adequate off-axis and interlaminar properties. These seemingly contradictory
requirements are achievable by incorporating a controlled amount of fine, uniformly
distributed porosity. Acceptable matrix performance dictates a stable and well
bonded particle network with substantial void space, ~30%, on a scale comparable
with the interparticle spacing. Fine matrix particles are preferred to enhance packing
density and uniformity within the fiber preform, as well as the nominal strength of
the matrix. However, fine particles also reduce the stability of the matrix against
densification during processing and service, promoting the formation of undesirable
flaws under the constraint imposed by the surrounding fibers.

Mullite emerges as an attractive matrix material owing to its excellent creep
resistance, low modulus and, sluggish sintering kinetics below ~ 1300°C. The
latter suggests adequate microstructural stability for applications in the gas turbine
engine, where initial target wall temperatures are in the range ~1000 to ~ 1200°C.
However, it presents a challenge in processing. That is, temperatures above
~ 1300°C are required to achieve the requisite bonding between the matrix particles.
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Yet most commercial oxide fibers are susceptible to microstructural degradation at
these temperatures.

The matrix design concept is depicted in Fig. 3. Relatively large (~ 1 pm)
mullite particles are packed between and within tows to form touching, non-
shrinking network. Alumina particles that fit within the void spaces of this network
(~ 200 nm) are added in a proportion limited primarily by the requisite levels
of porosity. Since sub-micron alumina sinters readily above 800°C, the fine
particles form bridges between the larger mullite particles, as well as between the
mullite particles and the fibers, at processing temperatures which minimize fiber
degradation. Interparticle voids may locally open owing to the sintering, but the
overall matrix is constrained from shrinking by the rigid mullite network. The
matrix is further strengthened by adding material to the -alumina ‘bridges’ using
precursor impregnation and pyrolysis.

The damage tolerance of these materials is manifest in their off-axis tensile
stress/ strain behavior and in the notch performance. That is, they exhibit consider-
able inelastic strain capability in the +45° orientation (Fig. 3). Accordingly, even
though they are essentially linear to failure in the 0/90° orientation, these materials
exhibit high in-plane damage tolerance. In this regard they are ‘fiber dominated’
materials, analogous to C—C and polymer matrix composites.

These materials are limited in two ways. (1) They only retain long term damage
tolerant behavior up to about 1200°C. At higher temperatures, sintering of the
matrix to the fibers causes embrittlement. (ii) The transverse properties are marginal
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Figure 3. The characteristics of oxide CMCs with a porous matrix.
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because of the matrix porosity. A 3D woven architecture is needed to achieve

adequate design flexibility.

2.2. Monazite fiber coatings

Monazite is thermochemically stable with Al;O3 and mullite and moreover, has a
low interface fracture toughness. Accordingly, it has two of the three characteristics
required from a fiber coating for an ALO; fiber-reinforced oxide CMC. By
using a combination of mullite and monazite as a matrix, the compliance of
the circumventing material provides the third characteristic; namely, the requisite
frictional slip response between the fibers and matrix. All oxide CMCs of this
type exhibit notch properties comparable to SiC-based CMCs (Fig. 4), while also
achieving TMF longevity by eliminating the ‘pest’ degradation phenomenon. These
are the most promising CMCs for long life application.

From an application perspective, oxide CMCs have the disadvantage relative to
SiC materials that their thermal conductivity is appreciably lower. Accordingly, in
high thermal flux conditions, the material temperatures are higher, placing greater
demands on the creep and creep rupture performance. At this stage, these are
the limiting properties of oxide CMCs. Efforts to increase the creep resistance
by doping with rare earths (notably Y,03) and by using nanoparticles are at the

research forefront.
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Figure 4. The performance of oxide CMCs with a monazite-based fiber/ matrix interface.
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3. INTERLAMINAR PERFORMANCE

The inferior interlaminar properties of 2D woven and laminated CMCs pose
limitations on design flexibility and hence, on their implementation. The problems
are manifest as delaminations that occur at thermomechanically loaded attachments
as well as on plane sections subject to through thickness thermal gradients (Fig. 5).
The interlaminar properties are controlled by the matrix material, which is designed
to have low toughness to enable the fiber/matrix debonding and slip needed for
in-plane damage tolerance. They are also subject to weakest link size scaling
‘associated with manufacturing flaws, causing large components to be particularly
susceptible to these problems.

The only solution appears to comprise 3D woven architectures: the same solution
used for structural C—C composites. The weaving technology is under development
for oxide fibers. Its viability has already been demonstrated.

4. SUMMARY

For applications requiring long life, oxide composites comprising Al,O3/mullite
fibers with a monazite/mullite matrix have greatest applicability. Architectures
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Figure 5. Delamination problems in 2D woven CMCs.
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based on local 3D weaving are needed to obviate delamination sensitivity, particu-
larly at joints/attachments and in regions subject to high thermal flux. These mate-
rials are presently creep/ rupture limited. Research priorities include approaches for
enhancing the creep resistance by using dopants or nanoparticles.

For either short life or space applications, C-SiC materials are often preferred
because of their high-temperature capability at low oxygen pressures and their

relatively high thermal conductivity.
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Machinable Ceramics Containing Rare-Earth Phosphates

Janet B. Davis,* David B. Marshall,” Robert M. Housley," and Peter E. D. Morgan®
Rockwell Science Center, Thousand Oaks, California 91360

. Two-phase composites consisting of LaPO, or CePO, and between the two phases. These materials are all stable to very

B .lumina, mullite, or zirconia were found to be machinable; high teraperatures in oxidizing environments (> 1600°C)? and
i.c., they can be cut and drilled using conventional tungsten offer the potential to tailoc microstructures with ranges of hard-
carbide metal-working tools. Single-phase LaPO, was also ness, elastic properties, and thermal conductivity beyond the

machinable. Measurements of drilling rates, grinding rates, ranges achievable with other machinable ceramics.
and normal forces are used to compare the ease of machin- '
_ing in these materials and in a conventional machinable Il. Experimental Procedure

. glass-ceramic material, and to provide preliminary infor-
mation on the refation between microstructure and ma-
chining properties. In Hertzian contact experiments these

materials showed extensive nonlinear behavior associated

Two-phase composites consisting of mullite (3A1,0,-2Si0,)
with LaPO,, alumina with LaPO,, and Ce-ZrQ, with CePO,
were fabricated using several techniques. For the mullite/
- with a damage zone beneath the contact site, similar to LaPO, composite, an aqueous slurry was prepared with pow-

other machinable ceramics. Mechanisms of material re- ders of mullite (from Baikowski) and thabdophane (hydrated
 LaP04-0.5H,0 synthesized in out laboratory) in the approxi-

moval are discussed.
mate ratio 4:1. The slurry was mixed ultrasonically, consoli-

. . dated into a disk of 50 mm diametet and 5 mm thickness by
. L. Introduction pressure filtration, dried, packed in alumina powder, and then
. - . hot-pressed in graphite dies in nitrogen for 1 h at 1500°C
ACHINABLE glass-ceramics, consisting of finely dispersed p . . .o
" . . - The Ce-Zr0O,/CePO, composites were fabricated using col-
mica platelets in a glass matrix,"2 can be cut and drilled ; il 4 " . g
. :;six}g co;venﬁ;nal metal-working tools. The ease of cutting l{:’;&%;o(‘,‘;g:ﬁ? uf;_?:(ﬁ; ?gﬁidﬁmuﬁg rannfis ggi%_z(fﬁ
. > 4
v o e et emoval by crysals bencath he - Crmie L) wete dispersed t i1 2, 0V SO prode-
W T R B, e e s o
requiring their high-temperature properties, high hardness, . - . . :
o B oot I ML i, e SO 2 o S
bined with the conventence of machining. However, their high- 38% of their theoretical densities greater than
temperature use is limited by softening of the glass phase ot The alumina/LaPO, composite; was fabricated by reactive

arseni .
coarsening of the crystallites, usually at temperatures above hot pressing, using powders of monoaluminum phosphate (Al-

about 800°C. . ” .
. Attempts have been made to develop analogous, more re- lértl‘ght'&lWﬂso(;\h{\xﬁencz‘xf), ilantt}an%g\ 93_?9““;[((%1?0*&%“
fractory systems. Barsoum ef al3 showed that Ti;SiC,, con- pO\():VI:lue(;Sa 2:3 ?: bailg n'gl‘;:dy i?\ '::\ugzueg:: ;)l[:r(:y for—apz).roxic
isti f 1 - i i i 3
sisting of large, plate-shaped, easily cleaved grains, could be mately 24 h, dried, calcined, and hot-pressed at 1400°C for 1 h,

drilled and tapped using high-s steel tools. Padture et al.* - S X :
. showed that xg\atedal rgmogval [r’:edte; during diamond grinding giving a composite consisting of alumina and LaPO, in the
approximate ratio 3.

and diilling of silicon carbide could be substantially increased pp O .

by incorporating elongated grains, weak interphase bouandaries, The maf:hmablhty of each composite was tested and

and high internal stresses into the microstructure. The micro- corpared with other materials using tungsten carbide drills and
B Siucoie consisted of plate-shaped SIC grains with a second a diamond grindiag whee' 32 ST schematically in Fig, 1.
- hase of . L . . - - e drilling tests were done using a standard dri press opet-

~ 7 P of yttrium aluminum gagnet with relatively weak intec ating at 450 rpm, with a drop of aqueous based cutting fluid

fine-grained silicc i i i E e
ine-grained silicon carbide containing porosity and free carbon beginning of each run. The diill bits were shaped as in Fig.

i hase bonding. inabili i .
- phase bonding. Machinability has also been reported in vory (South Bay Technologies Inc.) placed at the drll tip at the
(Tanimoto et al.%).

1(a), with 2 uniform section of 1 mm diameter within the first

ke In this paper we report on the fabrication and preliminary : : ) L
. testing of another potential class of machinable ceramics, based L mm from the end, and increasing diametet beyond this secl—l
on two-phase mixtures of refractory oxides (€.g., ALO;, Z10,, tion. The composite spectmens were mouated on a load ce
mullite) and rare-carth phosphates (e.g., LaPOs, CePOy). Re- (Kistler) and tested by manually applying 2 constant normal
cent studies have shown that the bonding between these phos- f(;“;_e t:dﬂ:f dt?xll’( wlh‘k" “)‘ea,;“““g the t;_“:fs.l?ke“ to dﬂ(“ holesé
hates and oxides i 6-8 : - oni of fix epth (~1 mm). wo sets of drilling rates (rate ©
. P nd oxides is weak. The rationale for designing these change in hole depth) were obtained in this manner for each

materials as machinable ceramics was that, in a fully dense, . _ -

fine-grained, two-phase mixture, easy material removayl should ;nafiemfiléo[nNthe _ﬁxs_t, ; Seﬂgls of hOkés d:;’ﬁre dnll;;d t;ixt a ﬁxe((ii

occur by f - s L : p oad o to investigate the rate 0 wear. [n the secon

. y formation and linking of cracks at the weak fnterfaces set, drilling rates were measured .at several different drilling
forces. A new drill bit was used at the beginning of each set for
each material to avoid systematic effects due to wear of the drill.

“1.E. Ritex I The diamond grinding measurements Were obtained using 3

. 1B Riter—ontributing editor 220 grit, resinbonded wheel (6 in. diameter, 6 mm width)
L rotating at 3600 rpm on a standard surface grinding machine

E S using a spray of the same aqueous cutting fluid as used for
Manuscdpt No. 190886. Received Juae 27, 1997 approved Novewmber 18, 1997. drilling. Test specimens of uniform width (10 mm) and thick-

Member, American Ceramic Society. ness (3 mm) were mouanted in a row on the load cell, so that the

2169
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Fig. 1. Schematic diagrams illustrating the test setup for (a) drilting measurements, (b) grinding measurements, and (c) ball indentation mea-

surements using a bonded iaterface specimen.

grinding wheel passed over each specimen sequeatially in a
single pass, thereby ensuring common grinding conditions for
all of the materials. Measurements of the normal grinding force
were obtained for several depths-of-cut using a constant trans-
lation speed of ~2.8 cm/s.

For reference, several other materials were included in these
tests. The diamond grinding measurements were done on a
standard machinable glass-ceramic (‘‘Macor’” from Corming)
as well as single-phase materials of the constituents of the
composites: Ce-ZrO, fabricated in the same manner as the
Ce-Z10,/CePO, composites; alumina and mullite prepared by
hot-pressing the same powders used for the alumina/LaPO, and
mullite/LaPO, composites; and LaPO, prepared in a previous
study® by hot-pressing commercial powder of LaPO, (Stremmm
Chemical) surrounded by alumina at 1200°C in graphite dies
(this specimen contained a minor eutectic phase due to potas-
sium impurityS). The reference drilling measurements were
done only on the Macor and LaPOy; attempts to drill Ce-ZrO,,
alumina, and mullite were unsuccessful, as might be expected.

The hardnesses and fracture toughnesses were measured in
all except two of the materials using Vickers indentations.?
Radial cracks were not produced at Vickers indentations in the
Ce-Zx0, reference material and the Ce-ZrO,/CePO, composite
with highest Ce-ZrO, content (typical for Ce-ZrO, materi-
als'%1Y) In these two materials the fricture toughnesses were
measured using notched beams loaded in bending.'? The beam

- dimensions were 2 mm % 2.5 mm x 30 mm and the notch width

and depth were 200 pm and 0.8 mm.

The relative susceptibility of each material to the onset of
localized damage at contact sites was assessed using the
Hertzian contact method introduced recently by Lawa and co-
workers.!3-15 This involved loading tungsten carbide balls of
various diameters (in the range 1 to 3 mm) onto polished sur-
faces of the materials, and calculating the average contact pres-
sure from measurements of the load and contact area. The
surfaces were coated with thin layers of gold and carbon to
enhance visibility of the contact area after removal of the ball
indenter.

Preliminary assessments of damage mechanisms at localized
contacts in the monazite/mullite composite and in the mono-
lithic monazite were obtained using the bonded interface tech-
nique.’>-'5 This involved preparing a bonded test piece by
gluing together polished surfaces of two rectangular blocks of
the test material, polishing another surface normal to the
bonded interface, and loading a tungsten carbide ball onto the
polished surface at the interface (Fig. 1(c)). Damage associated
with sliding contact was also examined by dragging a Knoop
indenter across the interface, with the sliding direction par-
allel to the longer indentation diagonal and normal to the in-
terface. The two halves of the test piece were then separated

by dissolving the glue, and the damage zones beneath the con-

tact sites were examined optically and by scanning electron
microscopy. ‘

III. Results

(1) Microstructural Observations

The compatibility of the alumina/LaPQ, system has been
reported previously.6® Provided the overall La-to-P ratio. is
close to the stoichiometric value of unity, there are no reactions
at temperatures up to at least 1600°C. In the reactively hot-
pressed material synthesized here the only phases detected by
X-ray diffraction were alumina and LaPO, (Fig. 2(a)). X-ray
diffraction patterns from the other two systems (mullite/LaPO,
and Ce-Zr0,/CePQ,) are shown in Fig. 2. The results indicate
that both of these systems are also compatible at the fabrication
temperatures (1500° and 1600°C, respectively). -

Scanning electron micrographs illustrating the microstruc-
tures of the three systems are shown in Fig. 3. The two phases
in each of the mullite/LaPQO, and alumina/LaPO, composites
can be distinguished on polished surfaces because of the higher
scattering (for both backscattered and secondary electrons) of
the LaPO, phase. In the mullite/L.aPO, composite (Fig. 3(a)),
the two phases are well dispersed with grain sizes in the mullite:
of ~2 to 5 pum and in the LaPO, of ~1 to 2 pm. In the alumina/
LaPO, composite the grain sizes were ~0.3 pm in the alumina
and ~1 pm in the LaPO,. In the Ce-Zr0O,/CePO, composite,
thermal etching was needed to distinguish the two phases (Fig.
3(c)), since the scattering from both phases was similar; the
grain sizes of both phases were ~2 to 5 pm.

(2) Mechanical Property Measurements

The hardnesses and toughnesses of the composites and the
reference materials were measured from Vickers indentations.
The results are shown in Table I. Toughnesses were calculated
using the analysis of Anstis et al.? from indentations produced
by as wide a range of loads as possible (indicated in a separate
column in Table T). However, for some materials the range of
loads was small because of chipping: in those cases the tough-
ness results should be treated with caution. :

The softer CePO, phase dominates the hardness of the Ce-
Zr0,/CePO, composites, which is almost constant over the
composition range 25% to 75% CePO,. However, the tough-
ness is more strongly affected by the fractions of the two
phases, increasing from 1.6 MPa-m'? at 25% zirconia to 4.8
MPa-m'? at 75% zicconia.

(3) Drilling and Grinding Measurements

All of the composites could be drilled using the tungsten
carbide tool. A scanning electron micrograph of a typical
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e hole was cleanly ddlled, with no evidence of large-scale
tracking or chipping. Holes drilled in all of the other compos-
ites had similar appearances.

Measurements of drilling rate as a function of drlling dis-

ce, at a fixed load of S0 N, are shown in Fig. 5 for several

" of the materials. Each increment of drilling distance represents
2 new hole. For materials containing more than 50% of mona-
"i‘tc, the ddlling rates remained constant within the measure-
ent accuracy, indicating that wear of the drill was not suffi-
cient to affect measurements over this range of drilling
istances. In composites with smaller volume fractions of
monazite a small dectease in drilling rate was observed, indi-
cating some drill wear.
) The measured drilling rates in all of the materials as a func-
-tion of applied normal load are shown in Fig. 6. The drilling
I cates for the Macor glass-ceramic are significantly larger than
for all of the other materials. Nevertheless, the other drilling
 ates fall within a useful range. A clear increase in ddlling rate
. with volume fraction of CePOy is evident for the Ce-ZrOy/
CePQ, composites. Most of the results show a nonlinear de-
pendence of drilling rate on force.

A similar general ranking of these matecials is evident in the
diamond grinding measurements of Fig. 7, with the exception

" of the alumina/LaPO, composite which exhibited the highest
grinding force but intermediate drilling force. However, the

. relative differences between the various machinable compos-
B s is considerably smaller in the grinding measurements than
in drilling. For example, the normal grinding force in the Ce-

. Zr0,/CePO, composites was a factor of about 1.5 larger (for a
. given material removal rate) in the composite containing 25%
CePO, than in the composite with 75% CePQ,, whereas the

catio of drlling forces for the same pair of composites was

. about 10. Moreover, the grinding forces for the single-phase
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Fig. 2. X-ray diffraction data for (a) alumina/LaPQO, (b) mullite/
LaPQ, composite, and (c) Ce-Z10,/CePO4 composite.
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ilted hole in the mullite/LaPO, composite is shown in Fig. 4. : S

|

|

|
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Fig. 3. Scanning electron micrographs from polished surfaces of (@)
mutlite/LaPO, composite (region from edge of drilled hole in Fig. 4;
right hand side of micrograph is the drilled surface); (b) alumina/
LaPO, composite; and () Ce-Z10,/CePO,, composite (thecmally
etched surface).

oxides (zirconia, mullite, and alumina), which cannot be drilled
with WC tools, were not consistently larger than for their ma-
chinable composite counterparts: ia the case of Ce-ZrO,, the
grinding forces were ~30% larger than for the CePOy-
containing composites, whereas the grinding forces for mullite
and alumina were smaller than for the corresponding compos-
ites containing LaPO,. For all of the materials tested, the grind-
ing forces were proportional to the material removal rates (ie.,
depth-of-cut).
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Table I. Hardnesses and Toughnesses of Test Materials
Indentation Toughness (MPa-m'?)
load range
Materiat® Hardness (GPa) E (GPa) ()] Indentation Notched beam
Mullite/LaPO, (4:1) 114 203* 2-100 1.8+0.1
Ce-Zr0,/CePO,
CZ/ICP (3:1) 6.5 183¢ 50-100 48+ 1.1
CZICP (1:1) 5.7 167¢ 100 3.6+0.1 32+05
CZ/CP (1:3) *50 150¢ 50 1.6+0.1
Alumina/LaPO, (3/7) 9 210¢ 3-10 23+05
Ce-Z10, 9.5 200 20-200 8§ =1
Alumina 15 390 20-100 39403
. Mullite i4 225 3-100 1.6 +0.1
LaPO, 5,5t 1331 10-100 1001
Macor ‘ 3 63% 10+0.1Y
"Ratios in pareatheses indicate volume fractions of the two phases. *Young's moduli estimated from rule-of-mixtures for two-phase
matedals. *From Ref. 14. TFrom Ref. 18. t'From Ref. 6.
1¢ 4 T — T T v
H Drilting Force: 50N
- - - * Laro,
£ .
E
£ .
s v v czIcP (1:3)
«© 5 R
5 0.1 + o ..
o ° CZICP (1:1)
£
= %o
a o ® e ALO/WLPO,(37)
A
44  czep @)
o .o 1 s 1 n 1 £ 1 1
o 2 4 6 8

Fig. 4. vlt[dlé drilled in mullité(ﬁaPO4_odmpositc using WC drill bit.

(4) Damage Observations

(A) Drilling damage: Details of the damage associated
with drilling in the mullite/LLaPO, composite aré shown in Figs.
3, 4, and 8(a). Results for the Ce-ZrQ,/CePO,, alumina/LaPQ,,
and LaPO, systems were similar (Fig. 8(b)). In all cases the
drilled surfaces were covered with a layer of smeared material
with thickness approximately 0.5 wm. Although the virgin ma-
terial in Figs. 3(a) and 8(a) consists of mullite and LaPQ, in
separate phases with dimensions ~2-5 pm, separate phases
could not be distinguished in the smeared layer by scanning
electron microscopy. EDS analysis of the layer is consistent
with LaPO, and mullite mixed together on a very fine scale.
However, confirmation of the microstructure within this layer
will require the higher resolution of transmission electron mi-
croscopy. In regions where the layer had been removed, an
underlying surface of intergranular fracture is visible. Obser-
vations of the surface adjacent to the drilled hole (Fig. 3) and
cross sections indicate that damage from the drilling is con-
fined to the smeared layer and the underlying layer of grains
that had been dislodged (i.e., to a depth of ~2-5 p.m). Signifi-
cant microcracking to larger depths was not observed.

(B) Indentation Damage: Results of the ball contact mea-
surements are summarized in Fig. 9 as plots of average contact
pressure versus indentation strain (defined as the ratio of the
contact radius to the ball radius). In this plotting scheme an
elastic Hertzian response falls along a linear curve: a represen-
tative curve corresponding to E = 200 GPa is shown. The
corresponding contact pressures obtained from a Vickers in-
denter are shown in Table I (i.e., the hardnesses). In ali of the

Drilling Depth (mm)

Fig. 5. Measurements of drilling rate as a function of distance at
constant normal force to test drill wear. New drill bit used for each
material. CZ/CP represents Ce-ZrO,/CePO, composites. Ratios in
brackets indicate volume fractions of the two phases.

1 T T v T

p Macor po, CZCP(13)

czIeP (3:1)

e
-h

0.01}

Mutite/ LaPO, (4:1)

Drilling Rate (mm/s)

0.001 4 1 " 1 .
0 100 200 300

Drilling Load (N)

Fig. 6. Measurements of drilling rate as a function of normal force.
CZ/CP represents Ce-Zr0,/CePO, composites. Ratios in brackets in-
dicate volume fractions of the two phases.

materials containing Ce-PO, and La-PO,, departure from a
linear Hertzian respouse occurs at pressures substantially be-
low the Vickers hardness. The response in Fig. 9 is similar to
previously published measurements on ceramic materials, in-
cluding machinable glass-ceramics, that experience localized
damage controlled by microstructural heterogeneity.!3-17
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. Fig. 7. ‘Measurements of grading forces. CZICP represents Ce-*
Bl 7:0,/CcPO, composites. Ratios in brackets indicate volume fractions
of the two phases.
Contact damage in the mullite/1.aPO, composite is shown in
|
|
|
|

Fig. 10; at all loads within the nonlinéar region of Fig. 9, a
permanent depression was left at the contact site. In the section
view aftec separating the bonded intéface specimen, there was
extensive cracking and shear faulting beneath the contact sites,
similar to observations of Lawa and co-workers'¢!7 in other
materials that contain heterogeneities ‘and weak .interphase
boundaries. Near the periphery of the damage zone, there was
microcracking predominantly betweenthe monazite and mul-
lite phases (Fig. 10(b)). - s

Damage in a bonded interface specimen of LaPO, is shown
in Fig. 11. Both Hertzian contact and scratching with ‘the
Knoop indeater produced extensive cracking within a localized
zone beaeath the contact site.. In both cases there were also
many unciacked. grains containing parallel sided bands (ex-

amples indicated by arrows. in Fig. 11) with an appearance
similar to' that of twinning in other materials (alumina and
various minerals) and martensitic transformation bands in zir-
conia. Martensitic transformation is not known in- LaPO,.
However, miéchanical twinning on (001)/(100) might be pos-

. sible, although the shear angle would be large (12°).
¥ o )

) IV. Discussion (b) § 0 um
The results of this study show that alumina, zirconia, and . . L - Py

mulfite can be rendered <machinable’” by the addition of finely f::%a?mufl?“ '[mnPgOeliC:;&‘;‘ilt?(,sghrg&t;zgﬁ:—)e"lglizl:ggﬁ' [“’_fg‘.ir;l(l:fvl{‘ggz
dispersed rare-carth phosphates, in amounts at least as small as smearcd layer had chipped away) and (b) Ce-Zt0,/CePOq composite.
20 vol%. Holes can be drilled in these two-phase composites ' '
using a conventional WC drill bit. The ease of diamond grind-
ing is also increased in the case of zirconia by the addition of
CePO,, although the relative change is much smaller. How-
ever, in the case of alumina and mullite, the addition of LaPO,
did not increase the ease of diamond grinding. Small differ-
ences in grinding forces in materials with vastly different drill-
ing characteristics have been observed before in grinding stud-
ies of alumina and machinable glass-ceramics.'® These results N ok ol
suggest either that the controlling material removal mecha- P« [W]

nisrlqs differ in the single-point cutting action of a drill and the
multipoint grinding process or that interac! ions of the WC and The pr L .
i : N . . e measured grinding forces for all of the materials of this
dl%?&ézoé;n ;ten‘;all‘s Wle‘fil the gork [:Seces dlffer chinabl study at 20 pm depth-of-cut are compared with Eq. (1) in Fig.
enhanced grinding response 1f ma avle 12 (using measured values of H and K from Table I and values
of E for the composites estimated using a rule-of mixturest

ceramics is also illustrated by comparing the measured grind-
* with known values for the constituents). Despite some scatier,

removal process has been quantitatively modeled in terms of
indentation lateral cracking. The grinding force, P, for a given
rate of material removal is related to the macroscopic hard-
ness, H, fracture toughness, K, and elastic modulus, E, of the
material:'’ : :

)y

ing forces with those expected for ceramics with homogeneous,
fine-graned microstructures. In such materials, grinding uader
sufficiently severe conditions involves contact-induced crack-
ing that extends beyond the immediate contact zone. The
Smgle-phase alumu‘?‘ and mullite mateﬂals in this study q[e tBetter methods are available for estimating elastic moduli of two-phase oompos!
expected to behave in this' manner. In that case, the material ites. However, the differeace would not affect the comparisons hete.
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Fig. 9. Indentation stress-strain curves. CZ/CP represents Ce-ZrO,/

CePO, composites. Ratios in brackets indicate volume fractions of the
two phases.. . : ' .

(b)

Fig. 10. (a) Surface view of residual impression at site of ball contact
(3 mm ball, 300 N load) in mullite/LaPO,. (b) Cross-section view
beneath ball indentation on bonded interface specimen of mullite/
LaPO, showing microcracking (arrows) near periphery of damage
zone bencath contact site.

and some uncertainty in some of the parameters, the data
mostly follow the trend predicted by Eq. (1), even though the
damage mechanisms and removal processes in machinable ma-
terials would be expected to differ from the lateral cracking
mechanism. In any case, it is clear that the grinding forces for

10 wm

Fig. 11. Cross-section view from boaded interfacc specimen of
LaPO, stiowing: (a) damage zone beneath ball indentation; (b) damage
zone beneath scratch produced by dragging Knoop diamond indenter.
Arrows indicate deformation bands.

the machinable phosphate-containing composites and mica-

-containing glass-ceramic do not fall below the values expected

on the basis of this model.

The present study was initially motivated by the possibility
that in two-phase mixtures of oxides and rare-earth phosphates
easy material removal should occur by formation and linking of
cracks at the weak interfaces between the two phases. Evidence
for this mechanism was observed in Fig. 10. However, since
nominally single-phase LaPO, was also found to be machin-

able, interfacial debonding cannot be the only mechanism ia-

volved. Another possible mechanism is that associated with the
deformation baands observed within individual grains of LaPO,
beneath Hertzian contact sites (Fig. 11).

The presence of residual stresses might be expected to affect
material removal processes that involve accumulated damage
from microcracking. Large differences in residual stresses are
expected in the three systems studied here, based on known
thermal expansion coefficients of the constituent phases (ap-
proximately 10 x 1075 for LaPQO,,¢ CeP0Q,2° and zirconia;?!
8 x 107 for alumina;2! and 4 x 1076 for mullite?!). Cooling by
100Q°C would generate the following restdual tensile stresses
in an isolated spherical phosphate particle in the three matrices:

Vol. 81, No. 8

EEEEE .f.,_',.<_.-_.Q4 - ..-_-. EEEE



um

|
n
n
u
|
|
m
=
i
l
u
]

August 1998

20 v

]

Depth of cut: 20 ym
ALOANAPOL(3:7) B
mutitaaPO, B

] muftite 8
e
o] Ce-2i0.
w - 28
o
c

5 czee (31 B
‘g 10 @i
Tt
o czce 3w a3
o 12PO B
£ .
o Macor
z

'y . ,
0.0 0S5 10

Fig. 12. Comparison of. grinding forces at fixed depth-of-cut (20
pm) with Eq: (1) CZ/CP represents Ce-Zx(0,/CePO, composites. Ra-

. tios in brackets indicate volume fractions of the two phases. Line is

representation of Eq. (1), adjusted to fit the data for alumina and
mullite. :

zero in zirconia, 460 MPa in alumina, and 1140 MPa in mul-

- lite.¥ Despite these very large differences in residual stresses,

the drilling and grinding forces for these three systems do not
differ greatly, suggesting that residual stresses do not play a
dominant role. :

We should emphasize that the observations concerning
mechanisms in this study are preliminary. We have presented
data from systems with various constituent phases in order to
establish some general trends in behavior, without attempting
to ensure equivalent microstructural characteristics or to vary
microstructural parameters systematically within a given sys-
tem. Such experiments will be needed to identify the roles of
parameters such as grain size and morphology, residual stress,
interfacial fracture properties, and refative fractions of the con-
stituent phases. Effects of machining parameters (tool speed,
tool shape, lubrication) are also yet to be determined.

V. Conclusions

Two-phase ceramics consisting of refractory oxides (Ce-
Z10,, mullite, and AL,0;) and rare-earth phosphates (CePO,
and LaPO,) with microstructural dimensions in the range 1 to
5 pwm can be shaped with conventional WC metal-working
tools. The ease of machining increases with increasing volume
fraction of the rare-earth phosphate component. Single-phase
L.aPO, was also found to be machinable. Preliminary observa-
tions suggest that in the two-phase composites microcracking
at the interface between the two phases is involved in the
mechanism of material removal. However, other mechanisms
must also be involved, including cracking and deformation
within the monazite phase. Evidence was presented for planac

Re;Fgrz equations giving the residual stress for this coafiguration, see, for example,
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deformation features within monazite grains. The formation of
a finely crushed, smeared layet of material between the work-
piece and tool was observed after drilling all of the machinable
materials.

Note added in proof: The presence of (100) twins and dis-
focations in regions surcounding contact sites such as Fig. 10(a)
in LaPO, has now been confirmed by transmission electron
microscopy (R. S. Hay, personal communication).
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Debonding in Multilayered Composites of Zirconia and LaPO,

David B. Marshall,’ Peter E. D. Morgan,” and Robert M. Housley’

Multilél&éred composites consisting of LaPO, (La-monazite)

* fayers alternating with various ZrO,-based materials were

fabricated to investigate whether LaPO, provides a weakly
bonded interface suitable for promoting toughening, as pre-

‘viously observed in the system LaPOQ,/AL,O;. The following

7r0,-based materials . were assessed: “Y-ZrO,, Y-ZrO,/
ALO;, Ce-ZrO,, and_:Ce-Zr0O,/A1;0;. " Debonding was

observed in all cases. The composites containing Y-ZrO0,
and Y-Zr0,/Al,0; were stable, with no reactions, at tem-
peratures up to at least 1600°C. However, in the composites
coiitéihin'g‘Ce‘-Zx_-..O;,.intgrdiffu'sion’of Ce and La occurred,

‘resulting in formation of ‘a pyrochlore-like phase and, ia

the case of the Ce-Zr0,/A1,05¢ omposite, a (Ce,La)Al,, Oy

magnetoplumbite phase.

L Intreduction

) ing in' multilayéred ceramic: Gomposites.! One involves
enhanced transformation toughening in systems containing Zir-
conia Wwith ‘strongly bonded interfaces “While large increases
in fracture toughness-have been achieved ini such composites,

v S £VERAL mechanisms have been used to achieve toughen-

failure in tensile loading involves growth of a single crack:
“the ‘composites do not exhibit a large nonlinear behavior or

distributed damage.- Other mechanisms ‘involve deflection of

" cracks of secondary cracking caused by the presence of weak

layers, weak interfaces, residual stresses, or-other microstruc-
tural-defects:>¢ If the dégree of crack deflection is sufficient to
cause splitting betwees ‘layers, a damage-tolerant response and
distributed damage can be achieved in flexural loading, as dem-
onstrated initially in ‘systems containing ‘fayers of carbon or
and BN is limited by their sensitivity to oxidation. .
Attempts have been inade recently 0 ‘avoid this limitation by
developing analogous oxide-based systems, using either layers

- BN However; the usefulness of systems containing carbon

of magnetoplumbite/B-alumina compounds,™"* porous oxide

layers,? or . rare-earth -orthophosphates'® - such as LaPO,

(La-monazite) and YPO, (xenotime) to cause debonding. In the
system LaPO-A1,0;, the interfacial toughness is sufficiently
fow- to safisfy the criterion of He and Huitchinson™ for a nor-
mally incident crack to deflect along the interface rather than
cross it."® This system is stable for long periods in air at temper-
atuires at least as high as 1600°C."* In this paper, we present a
preliminary study of the stability and debonding characteristics

of LaPO, with several layered zirconia systems. The possibility

of achieving toughening from both interlaminar cracking aad.

transformations is also explored.

David J. Green—contributing editor
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II. Experimental Procedure

Laminar composites consisting of alternating layers of
LaPO, and zirconia wese fabricated by colloidal techniques.
Four types of composites containing different compositions in
the “zirconia” layers were fabricated: one with 3 mol% Y,0,
addition (Tosoh 3Y); one with 12 mol% CeQ, addition (Tosoh
12Ce); one with a mixture (50% by volume) of AL,O, (Sumi-
tomo AKP30) and Y-Z1O,; and one with a. mixtire of Al,O;
(50% by volume) and Ce-Z10,. The layer thicknesses were in
the range 5'to 50 pum for the LaPO, layers and 2010 200 pm for
the ZrO, layers. ' T :

The composites were consolidated by sequential centrifuging
or vacuum slip casting of colloidal suspensions of the various
layers. Use was made of a colloidal technique developed by
Velamakanni ef al.?* and Chang and Velamakanni® in which an
aqueous electrolyte (NH,NO;) was used (after dispersing the
powders at pH 2) to produce short-range repulsive hydration
forces and reduce the magnitudes of the longer range electro-
static forces between the suspended particles. Such conditions
produce a weakly attractive network of particles, which pre-
vents mass segregation during centrifugation and slip casting,
but because of the lubricating action of the short-range repul-
sive forces, allows particles to pack to high. green density.
The preveation of mass segregation is especially important for
forming uniform two-phase layers such as A1,0,-Zx0, from
suspensions containing mixtures of the two types of powder. .

The consolidated bodies were cold isostatically pressed at
350 MPa, then sintered in air (in.the case of Y-containing
composites) or oxygen {Ce-containing composites) at 1600°C
for 2 h. Several specimens containing Y-ZrO, were packed in
alumina powder after the cold-pressing step and hot-pressed in
graphite dies at 1400°C for 1 h. Sections were cut, polished,
and thermally etched at 1400°C for microstructural analysis.

Microstructural characteristics of the multilayered compos-
ites were assessed using X-ray diffraction, electron microprobe
analysis, and scanning electron microscopy (SEM). In the
SEM, secondary electrons, backscattered electrons, and cathodo-
luminescence were used for imaging, and elements were identi-
fied by energy-dispersive spectroscopy (EDS) of fluorescence
X-rays. The response of the cathodoluminescence detector Was
strongly peaked in the blue ‘wavelengths. The electron micro-
probe measurements were taken at an operating voltage of 15 kV
using standards of lanthanum phosphate, zirconium silicatc, and
cerium oxide. (Electron microprobe measurements were done at
the Geology Department at Caltech, using a JEOL TXA-733
instrument.) In the various imaging modes the following phase
distinctions could bé readily made: with backscattered and sec-
ondary electrons, alumina was darker than zirconia and mona-
zite, while zirconia and monazite were almost indistinguishable;
in cathodoluminescence, (La,Ce)PO, was bright, while ALO;
and 710, did not luminesce in the blue and were indis-
tinguishable. ' , ' o

Debonding at the LaPO, layers was tested using two methods.
Oue involved forming cracks in a polished surface (normal to the.
layers) by indenting with a Vickers indentér. The other involved
loading rectangular beamis in four-point bending and monitoring
crack growth in situ using an optical microscope. The beams
were oriented with the layers normal to the Joading direction, SO
“ that initial crack growth was normal to the layers. Some beams
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Fig. 1. Layers of LaPO, (La-monazite) and Y-ZrO,/AL,0;. Backscat-
tered electron image. Thermally etched surface.

were tested with a notch of width 200 ym, cut with a diamond
saw normal to the layers on the tensile side of the beam.

0. Results

(1) Microstructures

The composites containing Y-ZtO, and Y-ZrO,/Al,0; layers
did not exhibit any reactions or interdiffusion with the LaPO,
layers. In composites that were hot-pressed at 1400°C, both
layers appeared fully dense on polished cross sections. A back-
scattered electron image showing 5 pm layers of LaPO, and
Y-Z10,/A1,0, in a hot-pressed composite is shown in Fig. 1:
within the ZrO,/Al,0, layers the grain size is ~0.7 pm, with the
Z10, and Al,O, being well dispersed, while the grain size in the
LaPO, layer is ~3 pm. In the composites that were sintered at
1600°C, the ZrO,-containing layers were fully dense, although
the LaPO, layers contained isolated pores with diameters up to
2 gim (see Fig. 7). The grain sizes in both layers are larger than
in the hot-pressed composites: 1.5 pm for the Al,0,/ZrO, and
~4 to 5 pua for the monazite.

In the composite containing Ce-ZrO, layers, there was inter-
diffusion of La and Ce and precipitation of a second phase
within the Ce-Z10, layers (Fig. 2). However, X-ray diffraction
measurements indicated that the composite was primarily zirco-
nia and monazite, with only a few small additional diffraction
peaks that were consistent with a few percent of a pyrochlore-
like structure. The electron microprobe results (Fig. 3) indicate
that the LaPO, layers had lost ~5% to 10% of the La which
had been replaced by Ce, forming the monazite solid solution
La,_,Ce PO,. In the zirconia layers, the La was in precipitates,
which also contained much higher concentration of Ce than the
host Ce-ZxO, (Fig. 3). These precipitates show as bright spots in
Fig. 2(b) and are possibly a pyrochlore-like phase. The ZrO,-

_ containing layers are fully dense, while the (La,Ce)-monazite

layers contain more porosity than was observed in the
La-monazite layers of the Y-ZxO, composite (Fig. 2(b)).

The composite containing Ce-ZrO, /AL, O, layers showed sub-
stantially more reaction associated with the diffusion of La and
Ce. In the centers of the Ce-ZrO, /Al O; layers there were iso-
lated elongated grains of (Ce,La)Al,,0,, magnetoplumbite con-
taining approximately equal amounts of Ce and La (Fig. 4).
Near the edges of the layers there were larger conceantrations of
magnetoplumbite and some LaAlQ, grains.

Vol. 80, No.7

(La,Ce)PO,

Fig. 2. (a) Cathodoluminescence image of Ce-ZrO,/LaPO, com-
posite showing overall structure. Bright layers are (La,Ce)PO,.
(b) Backscattered electron image of Ce-ZrO,/LaPO, composite.
Porous layers are single-phase (La,Ce)PO,.

(2) Fracture and Debonding

(A) Flexural Loading

In all of the composites, flexural loading of notched be_ams
caused delamination and sequential fracture of the layers, with a
nonlincar load—deflection response such as shown in Fig. 5(a). A
similar response was observed with notch-free beams (Fig. 5(b))
in all cases except for the composite containing Ce-ZrO, [AL,O,
layers: in that case failure was catastrophic without debonding.
The typical delamination damage can be seen in Fig. 6, which
shows a broken beam of the Ce-ZrQ,/L.aPO, composite, along
with an in sifu optical micrograph taken during loading and SEM
micrographs of the stepped fracturé surface after failure. In the
in situ micrograph of Fig. 6(b), extcnsive damage is evident in
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the first six LaPO, layers past the notch, whereas the ZtO, layers
in this région are fractured in only one or two places. At this
stage of loading there was no damage in any layets beyond the
sixth LaPO, layer. On the stepped fracture surface (Figs. 6(c) and
(d)), cracking in the LaPO, layers is seen primaily at or near the
interface between the LaPO, and Ce-Z10, layers.

_Similar results were obtained for the composite consisting of

. layers of Y-ZrO,/A1,0; and LaPO,. Although on the fracture

surfaces it appeared that separation of the layers occurred mainly
at ‘or near the interfaces between the 710, and LaPO,, there was

- also substantial cracking within the.LaPO, layers (Fig:'7). Usu-

ally delamination began with simple deflection of the main crack,
as il Fig. 7(a) but thea continued by forming an array of echelon
cracks as‘in Figs. 7(b) and (c). This miechanism of defamination

Comiposite containing
Ce-Zr0,/A1,0, and LaPO, layers, from region in center of Ce-Z10,{
AlLQ, fayer, showing presence of elongated Ce-La magnetoplumbite.
Thermally etched surface.

" times the length of the ¢rack groy'\'ri_ng,no't_ﬁi{i'l-'to'iﬁle layet into the

' 'GPa for the elastic modulus): The matrix toughne

. mar toughness | r to values Tep
. For the composite with Y-Z10; f TiX;
© =633, and I

" erieous isotropic - material, whereas  thé fneasy
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Fig.3. Electron microprobe measuremeats along a line traversiag several lé.ycrs in Ce-Zr0,/LaPO, compoSiie. Atomic proportioas are normalized

has also been observed in LaPO,/ALO; composites,” as well as
in other material systems under shear loading, including uni-
directionally reinforced glass matrix composites,>* brittle
adhesive joints between rigid layers,” and graphite-¢poxy
composites.”* '
A preliminary observation suggestive of possible combined
toughening by martensitic transformation and interlaminar
cracking in the Ce-Z10,{LaPO; composite is shown in Fig. 8.
The Nomarski interference micrograph of Fig. 8(a) shows a zone
of uplifted ‘material surrounding. the ‘main crack:The uplift is
‘due to’ the volume increase associated ‘with. the te
monoclinic, phase transformation in thé Ce-Z10;
width of this zone increases as the crack’ tends
root, as observed previously in raultila

: , ed composites of Al,O,
and Ce-ZrO,>* in which the layers were strongly bonded. How-
‘ever, in this case there'is also cracking in the 1.aPO, layers within

_the transformation zone, as shown in Fig. 8(b). - -

(B) .-Indentation Fracture  ~ . TRl
In all of the multilayered composites, the LaPO; layers were

* effective in confining the cracking due to adjacent Vickers inden-

‘@ations; ds shown ‘in Figs: 9(a) and (b). The daniage in the layers
at either side. of the: indentation consists’ mostly. of amays of
echelon cracks; similar to the datage obsérved in notched bearus.

Cracks produced by Vickers indeatations located directly on

LaPO, layers were used to obtain a measure of the interlaminar
toughness; as shown in'Fig: 9(c). The area of Fig: 9(c). fies within

““a beam of 4 mim thickness that cousisted of Y-ZO,/AL,0; with
- three layers of LaPO), in the center. The tengths of the indentation

cracks growing slong the LaPO, Iajet in Fig. 9() ato shout 3

Y-Z:0;/AL,0; matrix: The comesponding
calcilated ‘from : 10" indenitations ‘using the . analy
et al? are T, = § = 4 Jfi® for the intedaiinar ¢
80.+5 J/m’ for the Y-ZrO, fALO; atrix (u

with valiesreported in the literatire (corres
stress intensity factor o’f_{_(ﬁ_;”-.- MP %),

_ 10

n an: is for a homog-
surémeénts  were
obtained from composites containing layers of differing elastic
moduli (133 GPa for LaPO,, 200 GPa for Z10,, and 400 GPa
for Al,0;). In the configuration of Fig. 9, with a thin layer of
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Fig. 5. (a) Load-deflection response of notched beam of Y-ZrO, containing three layers of LaPO, near its midplane. (b) Flexural loading response
of unnotched beams of multilayered Ce-ZrO,/LaPO,. (Nominal stress is calculated for undamaged linear elastic beam.)

LaPO, sandwiched between relatively thick layers of ZrO,, the
calculation of the crack driving force for a crack growing along
the tayer (either in the layer or at the interface) in terms of the
residual indentation stress field is not affected by the lower
elastic modulus of the LaPO,.” The lower modulus would
affect the crack driving force only through its influence on the
magnitude of the indentation stresses, as determined by the
inelastic deformation around the indentation. This effect must
be small if the indentation is large compared with the monazite
layer thickness, as in Fig. 9(c).

The calculated toughnesses are also affected by residual

" stresses due to thermal expansion mismatch in the layered com-

posites. Since the thermal expansion coefficients for LaPO, and
Zr0, are approximately equal (~10 X 1076 °C™*),® residual
stresses are negligibly small in composites containing only
those two phases. However, in composites containing mixed
Al,0,/Zr0, layers, the lower thermal expansion coefficient of
ALO, (~8 X 107° °C™") leads to tensile stresses within the
LaPO, layers in the direction parallel to the layers and balanc-
ing compressive stresses in the Al,0;/ZrO, (the latter stress

- Fig. 6 Fracture of notched beam of mululayemd composite of Ce- Z[O and LaPO,. (a) Overall view after failure. (b) In situ optical mlcrograph

during loading. (c) and (d) Fracture surface after failure (arrows indicate cracks)
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Fig. 7. Fracture of notched beam of multilayered .composite of
Y-Z:0,/A1,0, and LaPO,: (a) Initial debonding after crack from notch
was grown to first LaPO, layer. (D) Cracking within LaPO, layer at
position ~200 pm to the right of (a). (¢) Schematic of deboanding
mechanism.

being negligibly small in the specimen of ‘Fig. 9(c), which
contains a small volume fraction of LaPO, layers). In regions
near the polished cross-sectional surface, there are also residual
stresses in the direction normal to the layers with'opposite sigas

to the corresponding parallel stresses.” The magnitudes of the

normal stresses are maximum at the surface (equal to the mag-
nitudes of the paraliel stresses) and decay “within a depth
approximately equal to the layer thickness. - Therefore, “the
growth of the cracks along ‘the’ LaPO, layer of Fig. 9(c) is

opposed by the compressive near-surface stress within the

LaPO, layer. The magnitude of this stress is approximately 130
MPa. However, since the depth over which the. stress acts is
small compared with the crack depth, the irifluénce on the crack

length is not large: application’ of the analysis of Lawn and’

Fuller™ indicates that the corresponding overestimate of the
interlaminar toughness for the ALO; {710, composites is no
more than 10%.

Debonding in Multilayered Composites of Zirconia and LaPO, 1681

Fig.,s; .-B;okcn notched beam of multilayered cdniposite of Ce-Z10,

“ and LaPO, showing evidence for both transformation toughening and

interlaminar debonding. (a) Nomarski interference micrograph show-
ing surface uplift adjacent o main crack due to tetragonal-to-
monoclinic phase transformation in the ZrO, layers (boundary of
uplifted zone indicated by arrows). (b) SEM micrograph showing
cracking within LaPO, layers in uplifted region adjacent to main crack. -

IV. Discussion

The results of the previous section indicate that, when

* Cle-stabilized zirconia and LaPO, were in contact at 1600°C;

some of the Ce diffused into the LaPO,, displacing La. The
displaced La reacted with the zirconia to form a precipitate
‘phase containing La, Ce, and Zr, possibly a pyrochlore-like
structure. When AL,O; was present also in the mixed AlOs/
Ce-7Z50, layers, the displaced La formed 2 (La,Ce) magneto-
plumbite as well as LaAlQ,. In view of these results, it is likely
“that CePO,; which has the same monazite structure as LaPO,
and has now been found to be phase-compatible with
Ce-Z10,,”” would be a more suitable debonding phase for
CeO,-stabilized ZrO,.
In contrast, the results indicate that Y, which forms a different
(but related) phosphate structure,® xenotime, does not diffuse
into LaPO, at 1600°C, and La does not diffuse out of the LaPO,.
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The fracture behavior of the ZrO,/LaPO, layered composites
is qualitatively similar to that of Al,0,/LaPO, composites
investigated previously."” Specifically, normally incident cracks
in a ZrO, layer appear to penetrate the ZrO,-LaPO, interface
and to debond either at the LaPO,-ZrO, interface or within the
LaPOj layer. The specific location of debonding and damage
within the LaPO, layers is influenced by the morphology of the
interface, which in these composites has roughness on the scale
of the grain size (see Fig. 1). Although debonding occurs near
the interface, the crack path lies both at the interface and in
the LaPO,. This observation is counsistent with the measured
interlaminar toughness being approximately equal to the tough-
ness of LaPQ,. Despite this complication, useful insight may be
gained by comparing the measured toughnesses with the analy-
sis of interfacial debonding by He and Hutchinson.™

Whether a crack approaching an interface between two mate-
rials will debond ‘along the interface rather than penetrate into
the second materia] depends on the ratio L/T; of the fracture
energies of the interface and the second material, as well as the
elastic mismatch parameter,” o, given by

= (E}~ EDIE, +E) m

where E' is the plane strain Young’s modulus. The critical
values of L}/T; calculated by He and Hutchinson™ are shown in
Fig. 10. With the toughnesses measured in the previous section,
the following parameters are obtained: (1) for a crack about to

Fig. 9. Vickers indentations in composite of Y-ZrO,/AL,0, and LaPO,. (a) and (b) SEM micrographs showing damage within LaPO, layers.

Vol. 80, No.7

grow from LaPO, to Zr0,, o = 0.2 (E, = 133 GPa (Ref. 9),
E, = 200 GPa) and I/I;, = 0.05; and (2) for a crack about to
grow from LaPO, to Al,0,/710,, a = 0.35 (E, = 300 GPa)
and [/T;, ~ 0.1. These values fall below the critical condition
in Fig. 10 so that debonding is expected, as observed.

For a crack growing in the reverse direction, from zirconia to
LaPO,, a different response is predicted. In that case, I} is the
fracture energy of LaPO, (~7 J/m?) and the sign of o is
changed, corresponding to interchanging the two materials. The
corresponding value of I;/T;, (~1) falls above the critical con-
dition, where the crack is predicted to grow into the LaPO,,
as observed.

The debonding criterion in Fig. 10 is also influenced’ by
residual stresses parallel and normal to the interface. In these
composites there are two sources of résidual stresses.

(i) Transformation Stresses: I the ZrO, layers were to
undergo the tetragonal-to-monoclinic phase transformation,
either during cooling or in the tensile stress ficld ahead of the
incident crack, large residual stresses would be generated. The
effect of these stresses can be estimated using the analysis of

He et al.,”* who define a normalized residual stress parameter

0 = oxJalK - o)

where o is the residual stress, either normal to the interface or
parallel to the interface in material 2, a is a characteristic flaw

(c) Comparison of interlaminar crack leagth and crack length in Y-Z10,/Al,0, matrix.
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Fig. 10. Comparison of fracture energies with debonding criterion of

He and Hutchinson™ Solid curve is debond criterion for tetragonal

zirconia layers (negligible residual stresses). Dashed curves are approxi-
mate criteria in the presence of residual stresses:> (1) q = 0.15, corre-

sponding to ZxO, layers that are transformed to the monaclinic structure

(residual compression in Z10, layers, tension in LaPO, layers) and (2) 1

= 0.04 for ZrO,/AL,0, layers. Symbols represent measured properties
for LaPO,/Y-Z10, and LaPO /(Y “Z10,, AL, O;) systems.

size, and K is the applied stress intensity factor for the incident
crack.' For a composite with equal thickness layers of LaPO,
and Z10,, and with the ZrO, layers fully transformed, the resid-
ual stresses are as follows: zero normal to the layers; +800
MPa parallel to the layers within the LaPO, layers; and —-800
MPa parallel to the layers within the ZrO,. Taking the charac-
teristic flaw size to be equal to the grain size (~1 pm) and K as
the toughness of zirconia (~6 MPa-m'?), we obtainq = +0.15
for a crack growing from transformed ZrO, to LaPO, and n =
—0.15 for a crack growing in the reverse direction. The corre-
sponding positions of the critical debond conditions from the
results of He et al** are shown as broken lines in Fig. 10. For
both directions of crack growth, the effect of residual stress
makes the response already described more likely.

(ii) Thermal Expansion Mismatch Stresses:  As discussed
in the previous section, residual stresses due to thermal expan-
sion mismatch are present in composites consisting of layers of
Al,0,-Z10, and LaPO, (these stresses are negligibly small in
composites consisting only of 710, and LaPO,). The sign of the
mismatch is the same as that of the tetragonal-to-monoclinic
transformation. The magnitude of these stresses for the 1:1
AL,0, to ZrO, ratio is ~200 MPa, giving = 0.04. The corre-
sponding shift in the critical debond condition is shown in
Fig. 10; the shift does not change the behavior described above.

V. Conclusions

Lanthanum phosphate forms a weakly bonded interface with
Y -stabilized zirconia and Y-Z1O,/AL,0;, which is stable at tem-
peratures at least as high as 1600°C. However, with Ce-stabilized
Z50,, counter diffusion of Ce and La produces a niew pyrochlore-
like phase. In the presence of two-phase Ce-Zr0,/ALO,, the
formation of a (La,Ce) magnetoplumbite was observed. Despite
these reactions, multilayered composites exhibited debonding in
the LaPO, layers when loaded in bending.

Acknowledgment: We wish to thank De. John Armstrong and Paul
Caipenter for their assistance with the electron microprobe measurements.
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ABSTRACT
Solutions for the uniaxial stress-strain response of a body containing a distribution of non-interacting
nonlinear-cracks are derived. First, building on energy formalisms outlined by previous workers, general
solutions are derived fot the body containing cracks with dissipative teactions at their surfaces, in either
tension or compression loading. The special case of 2 body in compression loading with sliding closed
cracks governed by a general friction law is then considered as a case study. The friction law coantains two
shear resistance terms : a “friction coefficient”” term proportional to the resolved normal compression steess
across the crack plane; and a «coliesion™ term representing the intrinsic shear resistance of the closed
crack. Inclusion of the latter term is citical to the existence of a well-defined yield point in the stress-strain
curve. It is assumed that the cracks do not extend at their ends during the loading-unloading—reloading
cycle; they ate, however, aflowed to undergo reverse sliding during the unloading. Two crack distributions
red - all cracks aligned, leading to linear expressions for both the elastic and quasi-plastic stress—
strain regions ;-and cracks randomly Sriented, with more complex (but nonetheless tractable) expressions -
for the quasi-plastic regions. The. resultant gonlinear stress—strain curves exhibit cyclic hysteresis, to an
extent dependent on friction and orack configuration parameters. Tilustrative stress-strain curves are
generated for selected ranges of these controlling parameters. An outcome of the analysis is the poteatial
link to microstructural variables, via the crack configuration parameter, offering the prospect for predictions
of damage accumulation’in real microstructures. The model atso offers the prospect of accounting for
fatigue propetties, via attrition of the frictional resistance at the sliding crack surfaces. © 1997 Elsevier

Science Ltd. All rights reserved

Keywords: A. fracture mechanisms, A. ‘microcracking, A. microstructures, B. constitutive behavior, B.

friction.

1. INTRODUCTION

The class of problems involving ordinarily brittle materials with nonlinear constitutive
stress-strain responses has received surprisingly little -attention in the mechanics
literature. Such nonlinear responses are common in rocks (Jaeger and Cook, 1971;
Paterson, 1978) and concretes (Shah, et al., 1995), and even in some ceramics (Lawn
et al., 1994a ; Padture and Lawn, 1995a,b), under constrained compression loading.

In'those cases the nonlinéarity is attributable to sliding friction at pre-existent internal
85
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crack-like defects (Ashby and Hallam, 1986 ; Horii and Nemat-Nasser, 1986; Nemat-
Nasser and Obata, 1988 ; Kemeny and Cook, 1991 ; Myer ef al., 1992) or incipient
microstructural “shear faults” (Lawn et al., 1994a). Nonlinear responses are also
observed in certain otherwise brittle solids under tension loading, e.g. ceramics con-
taining “bridged” cracks where frictional tractions from grains (Mai and Lawn, 1987 ;
Swanson et al., 1987), reinforcing fibers or whiskers (Cox and Marshall, 1991) or metal
ligaments (Evans, 1990) restrain crack separation. Experimentally, the nonlinearity is
manifested as a departure from ideal elasticity above some threshold “yield” stress in
the loading half-cycle, with hysteresis on unloading.

Linear problems, on the other hand, have been widely addressed, especially by
those concerned with effective elastic moduli of bodies containing arrays of micro-
scopic cracks. If the cracks do not extend or multiply the loading response remains
linear, although with reduced modulus relative to an ideal uncracked solid, and again
with possible hysteresis on unloading. A classic example is a compressively loaded
body containing an array of identical closed cracks governed by a simple coefficient
of sliding friction (Walsh, 1965 ; Jaeger and Cook, 1971). The load—unload stress—
strain curve for this system has three branches : (i) loading branch, linear through the
origin, but with reduced modulus owing to continuous frictional sliding at the crack
interfaces; (ii) partial uanloading branch, linear but with intrinsic modulus cor-
responding to that of an uncracked solid, reflecting a transient delay in sliding as the
friction reverses ; (iii) final unloading branch, linear back through the origin, with even
lower modulus than during loading, as reverse sliding is activated. Linéar solutions ar¢
also available for various crack geometries in tension and for various effective media
approximations (Budiansky and O’Connell, 1976; Horii and Nemat-Nasser, 1983 ;
Hashin, 1988), for fluid-filled cracks (Budiansky and O’Connell, 1976), and for crack
arrays with interactions (Kachanov, 1992 ; Kachanoyv, 1994). Nonlinear stress-strain
solutions in the loading half-cycle exist only for cases where the cracks are allowed to
extend from their ends Ashby and Hallam, 1986; Horii and Nemat-Nasser, 1986 ;
Nemat-Nasser and Obata, 1988 ; Kemeny and Cook, 1991 ; Myer et al., 1992).

In the first part of this paper (Section 2) we derive generalized solutions for an
isotropic body containing a random three-dimensional distribution of non-inter-
acting, stationary, nonlinear cracks for use as a basis for damage modelling. We
begin by considering the energetics for cracks governed by a nonlinear constitutive
displacement-stress relation, and thence present a formulation for the stress-strain
response. The stress state is conveniently taken to be uniaxial, tension or compression,
but may be readily extended to multiaxial loading. '

In the second part of this paper we consider a special nonlinear crack system as an
illustrative case study, first a body with a single closed crack (Section 3) and then a
body with multiple non-interacting closed cracks (Section 4), in uniaxial comp ression.
The problem is similar to the one described by Walsh (1965), but with sliding governed
by a more generalized friction law. Specifically, the friction law includes an additional
“cohesion” term, representing the shear resistance of the closed crack interface in the
absence of any superimposed normal stress (Bowden and Tabor, 1986 ; Nemat-Nasser
and Obata, 1988), and thereby contains provision for the description of a yield point
in the stress-strain curve. Again, it is assumed that the cracks do not' extend or
increase in density during the. loading—unloading .cycle, although the number of
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actively sliding cracks in the existing population may be a function of load. Due
attention is given to the ensuing conditions for forward and reverse crack-interface
sliding during loading and unloading, allowing for cyclic hysteresis. Nonlinear stress—
strain relations are then derived, and illustrative load—unload curves generated, fora
range of crack densitics and sizes and friction terms. A key outcome of the analysis
is the explicit form of these relations, offering in those cases where the cracks are
associated with the microstructure a potential link to characteristic material

parameters.

2. GENERAL STRESS-STRAIN RELATIONS FOR BODIES
CONTAINING NONLINEAR CRACKS

In this section we derive general stress—strain relations for a body containing a
distribution of randomly oriented, non-interacting slit-like cracks. The body is iso-
tropic and linear elastic everywhere but atfthe' crack surface, where irreversible trac-
tions operate. These tractions aré assumed to be governed by a nonlinear constitutive
relation between applied stresses and crack-opening displacements. The primary
source of nonlinearity of interest here is that arising from sliding frictional forces
acting between closed crack surfaces in compressive loading. However, other potential
sources of nonlinearity, e:g. from bridging ligaments that restrain crack opening in
tensile loading, may equally well be considered. For simplicity, we will address the
case of uniaxial loading. Extension to more complex, biaxial or triaxial stress states
is straightforward (Kachanov, 1992 ; Kachanov, 1994). Our approach is analogous
to that laid out by previous workers (W alsh, 1965 ; Budiansky and O’Connell, 1976),
except that we modify the formulation in such a way as to allow for nonlinearity.

The starting point for the analysis is an expression for the complementary energy
density of the cracked body as the sum of two terms: the complementary energy
density for the body without cracks, plus the crack energy density W (Appendix A) :

J edo = o?[2E, + W, m)

0

where ¢ is the average strain in the body, o is the applied stress and E, is Young’s
modulus of the uncracked body. If the cracks are non-interacting, W is the sum over
the energies w; of all cracks contained within the volume ¥ of the body:

W:‘(lm'; w, | @

where N is the crack number density. Differentiation of (1) yields a general strain—
stress relation : '

CeZolBkdW[de. @

- Equation (3) conveniently expresses the strain as the sum of the strain in the-uncracked

body and the additional nonlinear strain from the cracks.
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Fig. 1. Body containing crack, area A, characteristic length ¢ (4 = Qc?), orientation § to applied stress 6
(a) teasion, (b) compression. Resolved nommal and shear stresses o and 15 and corresponding dis-
placements Ai(a,) and Ai(s ), indicated.

Now consider the crack energy w for an elastic body containing a single internal

crack of area A and orientation B relative to the applied stress o, cither tension {Fig. .

1(a)], or compression [Fig. 1(b)]. Resolved normal and tangential stresses g and 7
on the crack plane are : :
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oy = osin’ f, (4a)
1 = osinfcos f, (4b)
with corresponding displacement changes éweraged. O;JCI' the crack area
Ai(a) = a(e) —a(0), (5a)
Ad(o) = 5(0) —5(0). - (5b)

In problems involving cracks in reverse loading with irreversible tractions at the crack
surfaces, or where cracks are subject to internal residual stresses, nonzero values of
#(0) and 5(0) are encountered. The crack energy may be written (Appendix A)

w(o, B) = 24 [ j ? Au(og)dopt j A0(cy) dﬁ]

0

=24 j " [Aa(o, By sin® f+A0(s, Psinfeosflds. T (©)

Strictly, (6) is restricted to cracks with sliding displapémet_iis Azz..pafiillél to the resolved
shear stress t5. this condition is satisfied for any crack with an effiptical front, including
the limiting cases of penny and straight-front plane cracks, provided one of the
elliptical axes is aligned along the direction of resolved shear stress (Appendix B).
For non-aligned elliptical cracks a tensor form of (6).is needed. '

Now suppose the body contains a density. N of non-interacting randomly oriented
cracks. If N is sufficiently large, the sum in (2) may be replaced by an integral over

all orientations p (Walsh, 1965; Budiansky and O’Connell, 1976):
xf

W) = NJ'

(1]

2
w(a, B) cos fdf. @
Where the cracks are of uniform shape and size, (6) and (7) may be combined to give

. S (e a '
W(s) = 2NA j j sin B cos BlAa(s, B) sin B+ Ad(a, B) cos B dodp. (8
1] 0 ’ : i
Where cracks are not active over the entire angular range (as in the case for cracks
with friction, Section 3), angular limits for B in (8) need to be appropriately restricted.
The combination of (3) and (8) provides a-general expression for the stress—straifl
curve, in terms of the crack-surface displacements Ad(s, f)-and Ab(s,p),ie. in terms
of the constitutive behavior of the individual cracks. These two equations provide the
basic starting point for the case study of cracks with frictional sliding considered in
the following section. o : e .
Before concluding this section, two special cases may be noted, as follows. (i) If the
angular limits for active cracks, B, and f,, are independent of ¢ (linear constitutive
law), then (8) may be readily differentiated with respect to @, as required in (3):
'~ dw/de =2N4A j - sin B cos {Aii(a, P) sin p+Ad(a,:p) cos pldag, O
8, ‘ o R .
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leaving a single integral over a fixed range of f. (i) If, further, the displacement
functions Ad(a, f) and Ai(g, B) are both proportional to g, (3) and (9) reduce to a
linear stress—strain curve. Cases considered previously (Walsh, 1965 ; Budiansky and
O’Connell, 1976; Horii and Nemat-Nasser, 1983 ; Hashin, 1988 ; Kachanov, 1992;
Kachanov, 1994) are of this form. However, if either of these two conditions is not
satisfied, the stress-strain curve is necessarily nonlinear and must be computed from
the general form of (3) and (8).

3 STRESS-STRAIN CURVES FOR BODIES IN COMPRESSION
LOADING CONTAINING CLOSED CRACKS WITH FRICTIONAL
SLIDING : SINGLE-CRACK SOLUTIONS

In this section we consider the special case of a brittle solid containing a single
closed crack [““shear fault” (Lawn et al., 1994a)], free of internal residual stresses and
with generalized sliding friction between the crack surfaces (Jaeger and Cook, 1971),

" in uniaxial applied compression ¢. The formulation of Section 2 is applicable, with

the restriction that, since the cracks are closed, normal displacements across the crack
plane are precluded (Aa = 0). Also, since we shall now bé concerned exclusively withi
compression loading, we adopt a sign convention that takes compressive stresses and
corresponding displacements as positive. ’ : o o
" In-the following section we extend the solutions to a body containing spccified
distributions of cracks. ' ' " '

3.1. Constitutive friction law

Consider a body containing a crack at orientation f [Fig. 1(b)]. Sliding of the crack
surfaces is driven by the resolved shear stress 75 [equation 4(b)] on the crack plan¢:
Let this sliding be resisted by a frictional stress t; = 1.+ ptoy, where 7. is a “cohesion
stress”, p is a friction coefficient and oy is the resolved normal stress [Equation 4(a)]
(Horii and Nemat-Nasser, 1986 ; Nemat-Nasser and Obata, 1988):

1; = 1, + po sin’® f. (10)

This relationship has been confirmed extensively in direct‘measurements of friction
in rocks and soils (Jaeger and Cook, 1971). ‘Many studies (Walsh, 1965) use a
simplified form of (10), with 7. = 0. We will show later that inclusion of ‘the t; term

is crucial to certain features of the stress—strain behavior, notably the existence of ‘a

yield stress (Nemat-Nasser and Obata, 1988).

3.2. Cragk:.iliding displacéme_{t(s_ E

The average sliding displacements of the closed crack surfaces are proportional to
the net shear stresses acting on the crack. The general formis (Walsh, 1965; Budiansky
and O’Connell, 1976) '
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Fig. 2. Constitutive stress—displacement relation for body in compression containing single closed shear
crack. Inclined lines represent sliding ‘branchés, forward (+) and feverse (—). Vertical lines represent

passive pqn—sliding bragches. S_Qlid line segments indicate hysteretic load-unload—reload cycle.

’ :{(@/Ep)(fa-ff) (oading), (1)
@elEn) e+, (nloading,  (1D)

whire ¢ is a characteristic crack dimension, rélatéd to crackarea by 4 = Q¢ with Q
a dimensionless constant and 4 a dimensionless crick geométry constant (Appendix
B): for penny cracks, Q=7 and n = 8(1 +v)/3n. Note ‘thiat it is  and not A that
appears in (11) ; since friction is involved, provision must be made for nonzero 5(0)
in Ad = i(c) —9(0). (Equation (11) is subject to the samé restriction mentioned in the
preceding subsection, that the displacements must be in the same direction as the
resolved shear stresses.) With (4b) and (10); (11) ‘may be written in ‘terms of the

applied stress o': ‘ v o
Eafrc) = {a*(ﬁ)o—rc (loading), (123)
off o (Byo+e. -Guloading); - (120)

where we define the quantities | o o
é*(ﬂ) = éinﬂcosﬂ—ﬁsinzb, | (l3a)

-« (f) = sinBcos f+pusin’ B. - (13b)
- The constitutive relations in (12) éte represented in Fig. 2as a plot of applied stress
¢ against displacement ‘term:

- agai (Eofnc)s for a load;unlijad'—’{el()adcycle.-‘Two~slidin'g
brzinches»(inplinedfsﬂdlid fines) are shown :forward ( +) branch fequation (12a)}, with

displacement-axis intercept -— T and ‘stiess-axis intercept tfo* ; reverse (—) branch
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{equation (12b)], with displacement-axis intercept 7, and stress-axis intercept — fo~.
We identify the following stages (arrows) in the hysteretic loading cycle :

®

(i)

(iii)

Loading. During initial loading, the crack faces do not slide until the applied
shear stress equals the frictional resistance, corresponding to intersection of
the vertical loading line & = 0 with the upper, forward sliding branch in (12a),
defining a “forward yield stress”

0';' = c/a+(ﬂ)
= c/(sinﬂeosﬁ-—;1sinz[}). _ (19)

With continued loading above ¢ = o, forward sliding proceeds along the
upper branch in Fig. 2 until the peak stress ¢ = o* is reached.

Unloading. On unloading, the friction terms reverse sign. Initially, the crack
faces remain stationary along the vertical unloading line & = &(¢*) in (12a),
uatil this unloading line intersects the lower, reverse sliding branch & = #(a;")
in (12b), defining a “reverse yield stress”

= [a* (B)o* —2z }/a" (B)
= [o*(sin fcos f— gL sin? ) — Z‘Cc]/(Slﬂ ﬂ cos ﬂ+u sin? f). (15)

With continued unloading below ¢ = ay" , reverse sliding proceeds along the
lower branch in Fig. 2, leaving a residual displacement §(0) = nct/E,ato = 0
in (12b). Note that if t. = 0 [as taken in previous analyses (Walsh, 1965)},
then #(0) = O (the hysteretic cycle closes). Note also that no reverse sliding
will occur at all if o; < 0, corresponding to ¢* < 2t fa*(f) [i.e. peak stress
less than twice the forward yield stress in (14)].

Reloadmg During reloading, the crack faces remain stationary, at § = nchEo,
until the forward sliding branch is again intersected, at ¢ = o, after which
this branch is followed up to ¢*. Further cyclmg between the same zero and
peak loads then repeats the hysteretic unload-reload loop.

This hysteretic formulation lays the groundwork for a consideration of fatigue, by

progressive attrition of g and t,, manifested in Fig. 2 as cyclic shifts in the hysteretic
loop (Padture and Lawn, 1995b). -

3.3. Crack energy and stress—strain curve

For a body containing a crack at orientation f in uniaxial compression ¢ [Fig.
1(b)], insertion of A@ = 0 into (6) reduces the crack energy to

w(o, f) = 2A4sinficosf j Av(o) do. (16)

This mtegral is evaluated by msertmg (12) and (13) in conjunctxon mth ('14) and
(15), for the various stages of loading, unloading and reloadmg The pertinent energies
at any given-applied stress ¢ are represented by the shaded areas in the schematlc
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Fig. 3. Stress-displacement -diagrar'ﬂ§ for l;de‘wIth-singlé clo
(b) unloading (c) reloading.

energies associated with qmck—suxface sliding: (a) loading,

plots of “¢(5) in Fig. 3. Note that there are Jero contributions to the energy in the
initially passive stages wheré the :crack faces remain stationary: iin loading within
nd reloading within 0 < o' 20, - Note
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Fig. 4. Stress—strain curve for body with single closed shear crack, showing load—unload-reload cyclc. Note
linear segments.

also that the displacement changes used to calculate the energies, and thence the
strains, are measured relative to the-displacements at the beginning of sliding in each
of the loading, unloading'and reloading segments. Integration then gives:

Q@ [E)g* (B)lo—ay (B)*  (loading, o) <o < a¥), (17a)
w(o,p) = (Qqc’/Eo)g“(ﬁ)(a; (ﬁ) —o1®> (unloading,0 < o < 0;), (17b)
@uc*[Eg* (B)lo —207 B)* (reloading, 207 <o <a¥),  (17)

where again we write crack area A4 in terms of a characteristic linear dimension c,
A = Qc?, and we define the quantities :

9" (B) = «*(B) sin fcos p

= sin f cos B(sin f cos f —usin® f), (18a)
9~ (B) = (B)sinfcosfp
= sin fcos f(sin fcos B+ psin® f). o (18b)

~ Itis instructive to construct the stress—strain curve a(g) for this single-crack system,
as in Fig. 4. During the stages of loading, unloading and reloading where the cracks
remain closed and passive,.branch slopes are governed by thé intrinsic modulus E, of
the uncracked body. Forward and reverse. sliding occurs along the upper and lower

sliding branches, with consequent reductions in effective modulus. On these sliding:
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" branches, the slopes of the functions o(¢) are determined by substituting (17) into (3),

with W = w/Vin (2):

{EO f1+2Qqc’g " (B) V] (loading, reloading), (19a)
(do/de) = : .
Eo/{L +2Qqc’g~(B)[V]  (unloading), (19b)

which are independent of &, and hence are constants: The hysteric cycle comprises
linedr segments in Fig. 4. Note again that a residual strain remains after unloading
through the first complefe cycle, and that 'subsequent reload/unload curves form a
repeatable ¢losed hysteresis loop (provided the friction parameters § and 1, do not

degrade in"successive cycles).

4. STRESS-STRAIN CURVES FOR BODIES IN COMPRESSION
LOADING CONTAINING CLOSED CRACKS WITH FRICTIONAL
SLIDING: MULTIPLE-CRACK SOLUTIONS

Now let us extend the analysis to abrittle solid containing a distribution of many
cracks governed by the friction relation described in the previous section. To do this,
we integrate the energy expressions for single cracks to determine the energies for the
multiple crack system, from which the stress—strain curves may be calculated. Here,
we consider two distributions : first, all cracks commonly aligned; second, cracks
randomly oriented. S '

Before carrying out ‘the energy and: stress-strain analyses, consider the allowable
crack orientation range for stiding under any given set of loading conditions. .

4.1.- Angular lifnits for sliding activity
In a body with many crack orientations, sliding activity is confined within limited
ranges of f, in accordance with the conditions for forward and reverse sliding defined
by the functions o (f) and gy (p) in (14) and (15). These functions are plotted
schematically in Fig. 5(a). The loading function o, (f) hasa minimum, and qnlo_ading
function o; (f) a maximum, at o - S .
B = sarctan(i/),
Baes = arctan {1/(1 I AR | S (200)

defining yield points oy (Bt and oy (). The active angular ranges at any-given
applied stress o are then determined as intersections between the horizontal heavy
dashed line representing this stress and the appropriate oy (f) and oy (B)-curves. The
range fi to g+ for forward sliding expands with increasing . stress - above
o = 0} (Bai), O zi_vmaxfmium‘ at'c = o*. Similarly; the range Bi to B for reverse
sliding expands with decreasing applied stress below 6= a5 (Baax), t0 2 maximum at
o =0.With the exception of the special case . = 0, the maximum range for reverseé
sliding is simaller than the maximum range for-forward sliding. Note that in o case
is the angular range of activity complete through the loading—unloading cycle- :

For reloading, recall from Section 3.2 that (14) prevails; ‘but with t, replaced by

' (20a)



96 B. R.LAWN and D. B. MARSHALL

(@

ceneaaTD
~1

\

N v - o
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Crack orientation, 3

Fig. 5. Plots of loading g (ﬂ) and unloading o; () functions in (14) and (15) (heavy curves). (a) Schematic
plot, illustrating angular limits for crack-surfacc sliding at any specified applied stress o (heavy horizontal
dashed line). (b) Analytical plot, for indicated values of 7./a*, at g = 0. (c) Same as (b}, but for 4 =0.5.

2t.. Hence, (20a) remains valid, and the appropriate g, () curve is simply displaced
upward on the stress axis by a factor of two, as indicated by the dashed curve in Fig.
5(a) (the unloading curves are unchanged). Accordingly, the active range f{* to
B;“‘ for reloading will be somewhat lower than for loading. At the same time, the
maximum angular range for reloading (at ¢ = ¢*) is the same as the maximum range
for reverse sliding (at ¢ = 0), resulting in a closed unloading-reloading hystereSIS
loop.

.Also shown in. Fig. 5 are plots of (14) and (15) for selected values of u and 7, (all
stresses normalized to. ¢*). For u = 0 [Fig. 5(b)] the eéxtreme in these curves occur
universally at .= BL, = Bo.. = 45°, regardless of 1. The forward yield stress

0y (Paic) 1 increases, and the reverse yield stress o, (fa..) decreases, with increasing ..
For u=0.5 [Flg .5(c)], the angular extrema shlft to lower f. At the same time,

(ﬁm) increases and ¢, (Ba..) decreases still further. The net effect of increasing

. elther of the friction parameters g and < is to diminish the angular range of crack

sliding at any given stress level. -
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Generally, the limiting relations ¢ = ¢, () and ¢ = g, () in (14) and (15) must
be solved numerically for f; and §,, but two special cases give explicit solutions:

(i) Zero cohesion stress, t, = 0, the case.ceneidefed by Waleh (Walsh, '1965). We
obtain '

B0, Bt =awctan(lfy), . (21a)
ﬁ, =0, ity —arctan[(a*-—a)/ﬂ(a*-l-a)] (21b)

In this case, the loading angular range to B3 is mdependent of a. This stress
mdependence together with the proportlonal dlsplacement~stress relation at
= 0 in (12), accounts for the linear: 1oadmg stress—stram curve through the
ongm fouud by Walsh. The fact. that ‘the range Bt to B3 diminishes with
increasing y also accounts for the reduced modulus relatlve tothe uncracked
body. Note, however, that the correspondmgunloadmg angular range f; to
B7 is not mdependent of g, so the un{oadmg stress—stram curvg is necessarily
nonlinear. Upon’ unloadmg to.g =0, the'range /3  to B in (21b) is identical
to the range B to p5 in (21a)—i.e. all cracks which undergo forward sliding
during loading ultimately restore at the comp[etlon of the full loading cycle to
their initial state. In this case reloadmg simply rettaces the loading curve.
(ii) Zero friction coe[ﬁaent ¢ = 0. In this case, we obtain

Bt =larcsinQufo), BF =mn/2—Bi, (222)

Br = ;arcsin [47./(a* —0)], Br = n/2-;ﬂf, (22b)

where the angular ranges are dependent on o, guaranteemg a nonlinear stress—

strain curve. It follows that any combination of nonzero . and p will always
result in nonlinear curves. Note that the range f to f; at complete unloading,
o = 0 in (22b), is always less than the range B{ to F at peak loading, o = o*
in (22a), so hysteresis with residual dlsplacements is general In reloadmg, 7. 1S
again replaced by 27, in (22a).

4.2 Energy and stress strain curve body with allgnea' cracks

Now consider a body containing a density N of non-interacting cracks of uniform
-size ¢, all aligned at some fixed orientation f. Then the energy density W in (2) is
simply equal to Nw, with w from (17):

(IEDg* Blo—a; (B . (loading,a} < ¢ <a¥), (23a)
‘W(o) = {(p/Es)g=(B)a; (B)—0)*  (unloading,0 < o < oy ), (23b)
(r/Eo)g F(B)lo 205 (ﬂ)_]2 (reloading, 26} < o <d*), (23¢)

where we define a dimensionless parameter containing all the configurational infor-
mation (size, shape, density) on the cracks,

p =QnNc’. (24
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For penny cracks and Poisson’s ratio v = 0.25, p = 2N¢’.

The assumption of fixed p in (23) leads to explicit expressions for the stress—strain
curves from (3). Moreover,"by defining normalized stress dlo* and strains eEqfo¥,
these expressions take on universal forms. Then only three parameters are needed to
describe the stress-strain curve completely : 7./o¥, the normalized cohesion stress; ft,
the friction coefficient ;and p the crack configuration coefficient. All segments of the
stress—strain curve for the cracked body fémain linear (cf. Fig. 4), with slopes as

follows: for the passive loading—unloading—relbading branches, unity (as for the
reference uncracked body) ; for the sliding branches, reduced values [cf. (19)].

L{t+2pg* (B)l, (loading, reloading), (25a)

Stress—strain curves for the special crack orientation f = B, i.e. the configuration
of maximum degree of sliding, are plotted in Figs 6-8, for selected values of z./c*,
and p. Various degrees. of _’gonlinearity and hysteresis are: evident -(cf. Fig. 4 for
notation) : T - L

() Effectof cohesion stress. Figure 6 shows curves for tjo* =0,0.1,0.2 and 0.3,
atfixedy =025and p =2.In these plots the principal influence of . is in the
critical stresses o) = 6;{Paa) and oy =0y (Bn). At Tfo* =0, the loading
curve is linear through the origin but with diminished modulus E- < Eq, since all
cracks within the active (load-invariant) angular range (Sectidn 3.2) undergo
immediate forward sliding at ¢ = o} =0. The cracks initially unload along a
branch with friodulus E, to a; , corresponding to the onset of reverse sliding,
and thereafter along a branch with even more diminished modutus, ultimately
returning to the origin. The system therefore absorbs energy in each cycle, but
leaves zero residual strain. At tfo* = 0.1, initial loading occurs with modulus

E, to a yield point oy, and thereafter with reduced slope to o*. Unloading
again occurs along two branches; but with a lower critical reverse sliding stress
g, thanat tjo* = 0. The hysteresis is accentuated, and the residual strain s
no longer zero. At 1 Jo* =02, a;‘ is yet higher, but now g, < 0,50 that while
hysteresis remains pronounced, Teverse sliding is suppressed. At tfo* =03,
a; lies just below o*, and the hysteresis-is substantially diminished.

(ii) Effect of friction coefficient. Figure 7-shows curves for p =0, 0.5 and 1, at
fixed tfo* = 0.1 and p = 2. Here, the effect of y is felt both in the critical
stresses o; and oy and in the slopes of the nonlinear branches. The limiting
case p =0 is that of pure cohesion-type friction. In contrast with the case
7, = 0 in Fig. 6, a'yield point-g; in the loading half-cycle (as well as oy in the
loading half-cycle) is apparent, since a threshold stress must now be exceeded
in order for forward sliding to occur. Hysteresis and residual strain are
manifest. At g =0.5, & increases and o) decreases, and the hysteretic loop

., - is broader. At p =1, 0y <0, s0 the unloading is gompletlely_c,las‘tic,,aq'(__l

- “hysteresis is diminished. . : T : o
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cur¥es for aligned cracks, evaluated from (3) and (23). Showing effect of coefficient of
friction: £ =(@) 0, (6) 0.5 and (c) 1, at fixed 7ot =0.1and p= 2.

(iii) Effect of crack density. Figure 8 shows curves for p=0, 1 and 2, at fixed

tfo* =01and p= 0.25. Now it is only the slopes of the nonlinear branches
that are affected, with a7 and oy’ - variant. The case p = 0 is trivial, cor-
responding to an ‘ideally elastic response. Increasing p through 1 to. 2-pro-
gressively decreases the stopes of the’ sliding -branches; - with attendant
increasing hysteresis a5 the number of activé sourcesincreases: . i :
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Fig. 8. Stress—strain curves for aligned cracks, evaluated from (3) and (23). Showing effect of crack density :
p=0,1and 2, atﬁxedtcla* =0.1 and p.= 0.25.

43 Energy and stress~stram curve:: body with randomly ortented cracks

For the same. body contammg a densnty ‘N of non- mteractmg cracks of uniform
size ¢, but now with the cracks randomly: orlented the energies in (7) and (17) must
be integrated over all angles B:within which slldmg occurs [Fig. 5(a)] :
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; By
(p/Es) ,f g*(p) cos Blo—a; (B)1* dp
st
» (loading, o5 (Baia) < 0 < a*], (262)
5 =
(p/Eo) j g~ (B) cos Bloy (B)~ o1’ dp
W(O') = W B L'..‘ s, .
(unloading,0 < ¢ < 07 (Baadl, (26b)
R ﬁ{* R - B
(p/Enj 4+ (By cos flo— 205 (B 4B
Bt* B :
Y : {réloading, 207 (ﬁ:ﬁ,;)vg 0.2;6*], - (26c)
with theiangular ranges determined in Section'4.1. - IR

As in the previous subsection, it is pquqnigpt to introduce stress and strain nor-
*.'Substitutitig"(ZG)" into (3), we obtain the diménsionless

[oadirig, o} (B) <o <0*], (2T2)

. iy : h ;
clot+pd ﬂ g~ (B) cos Bloy (B)lo* —ald*T’ d”}/ i)
BT SR

24 . h o » . |
(g/o*+pd {J g* (B)cos ﬁ[d&*—_@;;_(ﬁ)/ﬁ]? dﬁ} / d(s/a*)

eEy[o* = 1

junloading,0 < o <ay (Ba)l, 27P)

ole*+pd { j " % By cos flolo* — 207 BT dﬁ} / d(o/o®)
pre .

k o L [?elba&iﬁgii@}(iﬁn) < a-< 6*](27(:)

Since the limits f, and §, are themselves functions of a/a*, tJo* and p (Section 4.1),
the functions in (27) are again expressible entirely in terms of just three parameters,
tfo*, pand p (Section 4.2). o _ o

* Figure 9 showsa stress-strain curve computed from @7y using tfo* = 0.1, = 0.25
4nd p = 2, for comparison with the coirespoiding plot for aligned cracks (dashed
fines). The degreé of quasi-plasticity is not'so ‘pronouniced for the randomly oricnted
cracks, since only the mbst;fg@YQ_rabl'y“é;_lignégi égﬁél'cgé‘:wi[l begin stiding at first yield. |

5. DISCUSSION :

" In this study we have described a model for.a body centaining a-distribution of
closed cracks of ‘uniform size in- uniaxial loading“We have presented a geneéral
formalism for:either tension or. compression loading,: with: provision for frictional
tractions ‘at the crack interface. Special atténtion has been given to shear cracks n
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Fig. 9. Stress-strain curves for randomly oriented cracks evaluated from (3) and (26), for z.fo* = 0.1,
4 =025 and p = 2: (a) complete {oad-unload-teload cycle; (b) load-unload cycle, with corresponding
result for cracks aligned at § = %, (dashed lines).

compression loading with a crack-surface friction law of general form. The end result
is a stress—strain response that is generally nonlinear, with well-defined yield stress

- and hysteresis in the loading-unloading-reloading cycle, as befits the real behavior of

a wide range of quasi-plastic (quasi-brittic) SOlids."This formalism, expressible in
terms of friction and crack configuration (and ultimately material microstructure—
see below) parameters, may serve as a coustitutive basis for analysis of damage
accumulation in this interesting class of solids.

An element of the present analysis that warrants further comment is the provision
for the existence of a well-defined macroscopic yield stress in compression loading,
by virtue of inclusion of the cohesion term t, in the friction relation (10) (Sections 3
and 4). “Yieldabove some initially elastic region is a distinctive feature of the stress—
strain response in traditionally nonlinear materials like rocks (Jaeger and Cook, 1971)
and concretes (Shah et al., 1995), especially in compression testing. More recently;
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quasi-plasticity has been demonstrated in tough ceramics above critical loads in
Hertzian contact (Guiberteau et al;, 1993; Cai et al., 1994a; Lawn et al,, 1994b),

where a largely triaxial mmp(essionjcohtact field suppresses classical cone fracture
(Frank and Lawn, 1967) in these ordinarily brittle materials. This cohesion term

could arise from any one_of several mechanisms, whose character might alter in
successive cycles : direct cohesive fo'rccsAbetwee'n the crack walls (chemical or van der
Waals bonding) ; 'rgt::l_ghn_es_s_bf the crack walls.(€.g. cleavage steps, grain boundary

fr;i_(;tures)', causing tnecharical interlocking; o'r.f_r_icﬁonal debris trapped between the
crack Wall$,l’-'cai1$i_qg résidual compression stresses at the crack interface.

. In quantifying this quasi-plasticity it has been found expedient to write the loading

stress-strain relation in the sliding region in the empirical form (Fischer-Cripps and

‘Lawn, 1996)

o= Y+ta(EE,—Y) (0> Y), - (28)

where Y defines the yield stress, such that « = 1 represents the limit 6f full elasticity
and o = O full plasticity. Equation (28) has the same form as the results in Section 4.2
for aligned cracks. For cracks aligned at B, comparison with (14), (20a) and (25)

gives

Y = o (Be) = 20h(1), (29)

= 1 4ok G2, (29b)
with thevfriction—duependent functions -

B = UILER =g, (30a)

k() = [L—pf(L+)'7] (30b)

Note that Y =0 at 7. =0 in (29a), confirming the necessity for 7, to be nonzero in
order for a yield stress to exist. Note also that 4(0) = 1 = k(0) in (30). Finally, note
that for a specified peak stress o* there exists an upper limit to frictional resistance
‘beyond which crack sliding cannot occur at all during the loading cycle, defined by
the condition Y > ¢%, or 2z fo* > (1 + ()2 — p, in (29a) and (30a). The locus of t.fo*
and p values that define this limiting condition is plotted in Fig. 10.

For the case of randomly oriented cracks, the stress—strain curve has a continuously -
varying slope beyond the yield point. However, since this variation is generally small
(e.g. Fig. 9), we may closely approximate that portion of the stress—strain curve by a
linear ségment, similar to that for aligned cracks but with a greater slope. This linear
segment may be represented by (28), but with an increased slope term o in (29b),
corresponding to an «effective” crack density parameter p’. [Note this dees not affect
the yield point in (29a).] Tabl 1 lists best-fit ratios p’/p for various values of g fa*
and u. Note that the values of this ratio become quite small for large friction terms.-

At the fundamental ‘microstructiiral level, the cracks envisioned in Fig. 1 (and
especially in Section 3 -and 4) originate as incipiént defects within the material. In
rocks and concretes, these defects -are ‘usually ;associated with pores; weak-phase
inclusions, or pre-present cracks (Walsh; 1965; TJe‘i"eger?"an‘dr"Cook,--1971 ; Paterson;

1978 : Batzle et al:, 1980; Kranz, 1983 ; Zhang et al.; 1990 “Kemeny and Cook, 19913
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Fig. 10. Locus of 7.fo* and u values delineating domains of sliding and no sliding at crack surfaces.

Table 1. Values: of ratio p’[p for selected
friction terms

u

tjo* 0 025 05 1

0 053 053 051 043
0. - 050 048 044 032
0.2 045 041 033 009
0.3 039 030 0.0  —

Meredtth et al., 1991; Wong et al., 1992; Shah et al., 1995). In dense ceramics, the
defects are associated with weak mterfaces in the microstructure, so-called “shear
faults” (since they are shear-activated, exclusively in compression loading) (Lawn ef
al., 1994b; Fischer-Cripps and Lawn, 1996). These shear faults may be twins [e.g-
alumina (Guiberteau er al., 1993, 1994 ; Wei.and Lawn, 1996), silicon nitride (Xu ef

al:; 1995)], or weak grain or mterphase boundaries {platelet or needle structures, €.8..

in-situ toughened silicon carbide (Padture: and Lawn, 1994 ; Padture, and Lawn, 1995a,
b),silicon nitride (Xu et al., 1995), glass—ceramlcs (Cal etal., 1994a, b), and partlcle-
reinforced alumina composites (An et al., 1996)]. -

- It is through the-crack configuration parameter p Qch defmed in (24) with ltS

‘ A .
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embodiment of crack size (¢), shape (Qn) and density (N), that we may connect the
analysis most directly with the microstructure. As to shape, we have shown that
Qn = 2 (Poisson’s ratio 0.25) for the simplest case of penny cracks (Section 3.2). For
the other factors, consider as an illustrative example a microstructure consisting of

disk-like platelet inclusions with weak inclusion/matrix interfaces [as in several tough

ceratnics (Cai et al., 1994a, b; Padture and Lawn; 1994, 1995a,b; An et al., 1996)1;
and suppose that cach platelet slides along one of the large weak interfaces, i.c. one
planar penny crack per platelet. The volume occupied by any one such platelet is
nctd = nc®[L, where d is the platelet thickness and L = ¢/d is the aspect ratio. The
density. N.of cracks per unit volume is therefore determined by the volume fraction
of platelets Vg, i.c. N = Vi(xc[L) = ViLjnc’, so-that p = NG = 2VL{r. Thus fora
material in which the platelets grow uniformly at the expense of the matrix material
during heat treatment (L constant), the crack density parameter is proportional to
the volume fraction V. For a material in which the platelets grow without increasing
the total concentration of platelet phase (V; constant) [as is. the case in some glass-
ceramics (Fischer-Cripps and Lawn, 1996)], the crack density parameter depends
only on the aspect ratio L.

Although we have treated just uniaxial loading, the analysis is readily extendable
to more complex, triaxial stress states. It is necessary only to modify the expressions
for 5 and:7g in (4) in terms of the orthogonally applied normal stresses. For the
special case.of superposition of a hydrostatic pressure p onto the uniaxial stress ¢.in
Fig. 1, as peftains, for instance, to rock:mechanics experiments .under confining
-pressu'rés (Jaeger and Cook, 1971 ; Paterson, 1978), the normal stress o INCIEASes by
p but the shear stress g remains unaltered. Then (10) becomes 7¢ = 1.+ up o sin® 8,
which is equivalent to the same law as before but with an increased cohesion stress
T+ pp. The analysis may also be. extended to inhomogeneous fields by wusing the
stress—strain functions derived for-uniform stress states in Section 3 as constitutive
input into a finite element or other numerical algorithim, ashas been done for Hertzian
contacts in quasi-plastic ceramics (Fischer-Cripps and Lawn, 1996).

Our analysis has been restricted to non-interacting crack distributions. Strictly,
allowance should be made for the fact that the energy w; of any crack is affected by
the presence of the other cracks in the ‘distribution, through both the constitutive
relation (o) of (12) and the local stresses experienced by the crack. Various
approaches based on “effective medium” or “mean field” approximations have been
devised to account for such interactions effects in linear systems (Budiansky and
O’Connell, 1976; Horii and Nemat-Nasser, 1983; Aboudi and Benveniste, 1987 ;
Hashin, 1988; Kachanov, 1992). Arguably, additional neighbor-neighbor (“two-
body”") interaction terms should become manifest in (26) as the separation between
adjacent cracks approaches the ¢rack dimension c itself. In the case of penny cracks
this condition corresponds approximately to p =2N¢* ~2(1/4)¢’ ~0.5. On the
other hand, computer simulations for various distributions indicate that elastic moduli
for non-interacting, non-overlaping cracks remain accurate to surprisingly high
densities, because of 2 tendency for cancellation of positive and negative interactions.

For example, the differerice in moduli for two-dimensional random arrays of cracks
with and without interactions is .<5% for densities up to p.= 0.7 (Kachanov, 1992)-
Accordingly, the present analysis may provide satisfactory 'approximations‘fo.r high
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deansities of cracks. However, if in such systems overlap occurs, interaction effects can
no longer be neglected.

The analysis also assumes that frictional sliding occurs at the crack surfaces without
any extensile (“wing”) cracking at the fault ends. Such extensile cracking has been
considered widely in quasi-plastic solids under compression loading, most notably in
rocks and concrete (Horii and Nemat-Nasser, 1985 ; Ashby and Hallam, 1986 ; Horii

and Nemat-Nasser, 1986 ; Sammis and Ashby, 1986 ; Nemat-Nasser and Obata, 1988 ;

Kemeny and Cook, 1991 ; Myer et al., 1992 ; Nemat-Nasser and Deng, 1994). It has
also been demonstrated to occur in some. ceramics at Hertzian contacts, e.g. in alumina
(Guiberteau et al., 1993 ; Guiberteau et al.,:1994; Wei and Lawn, 1996) and silicon
nitride (Xu et al., l995) In such cases, the fault dimension ¢ increases progressively
with-loading, and in some.cases also with unloading (Padture and Lawn, 1995a, b),
further reducing the effective modulus. Where ititeractions become important, this
can lead to strain softening, as reported in the rock and concrete literature (Jacger
and Cook, 1971 ; Horii and Nemat—Nasser 1985 ;-Horii and Nemat- Nasser 1986;
Shah et al., 1995).

Finally, some implications concerning fatlgue may be noted. We have made an
issue of the existence of hysteresis in the loading—unloading-reloading cycles in Fig.
4. The degree of this hysteresis -is governed by the friction parameters 7, and g
(as well as the crack configuration parameter p) in the stress—strain formalisim, as
demonstrated in Figs 6-8. If these friction parameters are reduced by cyclic attrition
at the sliding crack surfaces, the hysteretic loop in Fig. 4 contracts along the stress
axis and expands along the strain axis, increasing the system compliance and therefore
the degree of quasi-plasticity (Padture and Lawn, 1995b). Any accompanying extensile
cracking from the ends of the shear cracks only exacerbates the effect (Lawn et al.
1994b). As has been demonstrated in repeat Hertzian contacts in ccram'ics, the result
of such fatigue processes is a progressive damage accumulation that ultimately results
in exaggerated strength loss and material removal (Padture and Lawn, 1995a, b).
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APPENDIX A: CRACK ENERGY ANALYSIS FOR STRESS -STRAIN
CURVES

In thc followmg derivation the approach used by Budlansky and O’Connell (1976) to
calculate stiffness changes in crack systems is generalized to allow for the imposition of
nonlinear crack-surface tractions. Figure A1 depicts such a crack system (upper), with consti-
tutive responses (lower), during loading to its final loaded state by two routes. An expression
for the stress-strain relation follows by equating the changcs in mechanical encrgy (potential
energy of loading system plus strain energy of body) in the two routes.

To start, we restrict our consideration to just normal applied stresses, and leave inclusion of
shear stresses until later. Consider first Route 1 in Fig. Al, where the body with noalinear
crack-surface tractions is loaded remotely by the applied stress o (0 to g,), with attendant
strain € (0 to &,). The change in energy from application of the stress from zero to peak is

€A

AP, = —VaAeA-FVJ ade

[1}

i

A - ) Lo . V Lo
v j edo; - (A1
where V is the volume of the body. '
Now consider Route 2 in Fig. A1, taken in two steps. In the first step, restraining tractlons
are applied to the crack surfaces to prevent relative displacement of the surfaces as the remote
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- is linear as shown, with change in energy
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Fig. Al. Equivalent stress states for body containing crack with nonlinear tractions in normal loading.
Shaded areas below indicate complementary energies in (A3).

stress.g is applied. (In general, the crack faces may‘ be held open in the absence of any applied
stress with average separation 2i,, by residual stresses or wedging displacement.) The response

Ady = —VGi[2E,. L ’ (A2
In the second step, the restraining tractions are relaxed by application of opening tractions o
on the crack surfaces (0 to 6,), allowing the crack opening displacements to increase, thereby

releasing energy w. - ,
Since the final states in Routes 1 and 2 in Fig. Al are identical, we may-equate the energies

A¢, and Ady—w (equations Al and A2):

J‘ " edo = 62 [2Eq +w[V. 3 ‘ (A3) |
0 o

The three terms in (A3) correspond to the complementziky’ 'ené‘rgiés shzikied in Fig. Al ‘Difféf?’
entiation of (A3) then gives
ta = OalEo+ (1/V) di/daa. A%
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The energy release w associated with the crack-surface relaxation under the action of the normal
applied stress o is expressible in terms of the averaged displacement i :

w=2A4 J‘ﬂ,\ {oa —a(@]da

g

=24 I ™ () — 1] do. (AS)

o

(The factor 2 accounts for the definition of u as one half the total crack surface separation.)

If now the crack is inclined at an angle f§ to the applied stress, as in Fig. 1, the relaxation
process cai be carried out independently for the normal stress component g and the resolved
shear stress component T4:

w=24 [f Au(ap) da‘, -}-j Ai(zg) dr,,] (A6)

“with Aii(a,) = @(az) —a(0) and Ad(tg) = 6(xg) —6(0) normal and shear displacement changes,
respectively.
For a body contammg N cracks per uait volume w in (A4) is replaced by the sum over all
cracks contained in volume V. The crack energy density is .

L4
W=(/V) ;glzw,., (A7)
and (A4) becomes S

£a = OalEq+dW/dao,. (A8)

In the text we drop the subscript A notation in o, £ and &, on the understanding there that
these quantities denote final states.

APPENDIX B: CRACK SURFACE DISPLACEMENTS FOR ELLIPTICAL-
FRONTED CRACKS

Consider an elliptical crack with semi-axes ¢ and b parallel to the x and y axes in an infinite,
homogeneous, isotropic, elastic body. A remotely applied shear stress t = 1,, causes sliding
displacements v,. The average dlsplaccment o, over the crack plane can be found from a simple
extension of an analy51s given in Budiansky and O’Connell (1976). They pointed out that the
sliding displacement can be written as

,(x,y) = B(be) *(1—x*{c* - y*[°)"", (BI)

where B is a dimensionless constant (a result that follows dlrectly from Eshelby’s discovery
that a homogeneous ellipsoidal inclusion under remote loading experiences uniform strain in
its interior) :

= [r.(1=v")/EoJ(b/) * {i* [[(K* —v) E(k) +v(1 — k) K@)}, (B2)

with E, Young’s modulus and v Poisson’s ratio, &* = (1 —b*/c?), and K(k) and E(k) completc
elliptical mtegrals of the first and second kind:

k= [a-wswo-ra, (B3a)‘
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Ek) = j. it —Kk?sin? 6)'* d6. (B3b)
0

The average displacement is obtained by integration of (B1) over the crack area A = mbc:

5, = (1/A)fo.0x, y) d4 = (B[3)(bo)'"*

= (r’C/EO)rxz’

ss constant n(b/c) =(BEy[3t,,)(b/c)"". The function f(b/c) is
c=1),n=38(l+v)3x; fQI‘ a

(B4)

where we define the dimensionle
plotted in Fig. Bl, for selected values of v. For a penny crack (b/
plane strain crack (bfc = ), 1 =4(1 —v)/3.

Solutions fot a shear stress in an arbitrary direction in the x—y plane can be obtained by

superposition (with 7., obtained by interchanging ¢ and b in the above relations). However, in

that case the resultant displacement and the applied shear stress are in different directions, and

the formulation requires tensor equivalents.
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11.0 Analysis of Debonding at Interface Cusps

The following is a summary of a paper in preparation for publication in the Journal of the

American Ceramic Society, by M. He and D. B. Marshall

Polycrystalline LAPO“ coatings on single crystal fibers (sapphire and mullite) form cusps where
the grain boundaries in the monazite intersect the fiber surface, by an interface diffusion
process analogous to the surface diffusion that forms grain boundary grooves on free surfaces
of polycrystalline bodies. Atomic force microscopy measurements have shown that the
interfacial debond crack follows the interface faithfully along these cusps without deviating

into the coating (Fig. 1).

(a) (b)

Fig. 1. Atomic force microscope images of matching regions of fractured interface of LaPO4 and Al203
(sapphire): (a) LaPO4 surface showing grain boundary grooves; (b) sapphire surface showing cusps
corresponding to the grooves in (a) (From Marshall, Waldrop and Morgan, Acta Mater. 48(2000)4471-74)
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An analysis was carried out to define the range of interface toughnesses that would allow
continued debonding at the tip of the cusp. This involved using finite element analysis to
calculate the strain energy release rates G, and G, for a crack with its tip located initially at the
tip of a cusp (Fig. 2(a)) then extending along the paths shown in Fig. 2(b). For the crack that
deflects into the coating, the energy release rate, G, was calculated as a function of the
deflection angle ,: the favored path is given by the value of ®,, for which G, is maximum
(G,™). The condition for debonding is then obtained by comparing the ratio G,/G,™" with the
ratio of the corresponding fracture toughnesses I’ and T, of the interface and the coating:

debonding occurs if
LT, <G/G™.

The critical condition is shown in Fig. 2(c), plotted as a function of the elastic mismatch
parameter, o, for various values of the mode mix, ¥, of the remote loading. Also shown is the
well-known debond condition of He and Hutchinson for a crack at normal incidence to the
interface, as well as measured values of the ratio I'/T . for the alumina-monazite system. The
resulting predictions for this system are consistent with observations: the debond condition is
satisfied for a crack growing at normal incidence from monazite to alumina and for a crack
growing along the interface (close to mode II loading, ¥ = - w/2) at the tip of a cusp, but not

for a crack growing from alumina to monazite at normal incidence to the interface.
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Material 2

Material 2
(b)
Normal incidence
I E planar interface
max (He & Hutchinson)
G,/ G,” T No
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Fig. 2 (a) Crack geometry leading to debonding as in Fig. 1
(b) Crack tip geometry for debonding analysis.
(b) Critical condition for debonding for cusps with dihedral angle 0 = 150°, for various values of mode
mixity, V.
19

ROCKWELL
SCIENTIFIC

\)




| y

F4620-96-C-0026
71123

12.0 Processing and Hardness of Single Crystal AlO3 Films Containing Nano-
ZrO2 Inclusions Produced by Chemical Solution Deposition

by McNally, F. Lange, F. F. and Marshall, D. B.

‘The following section is a paper published in Phys. Stat. Sol. (a) 166 231 (1998) - Most of the

work was supported at UCSB by contract F49620-96-1-003 (Prof. F. F. Lange); collaboration at
Rockwell was supported by this contract.
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Subject classification: 68.55Jk; 68.60.Bs; S10.1

Processing and Hardness of 'Single Crystal Al,O3
Films Containing Nano-ZrQO- Inclusions Produced
by Chemical Solution Deposition')

F. McNaLLY?), F. F. LANGE, and D. B. MARSHALL?)

Materials Department, University of California, Santa ‘Barbara; CA 93106, USA

(Received December 23, 1997)
Dedicated to Professor Dr. MANFRED RUHLE on the occasion of his 60th birthday

Single crystal, homoepitaxial o-Al,O5 films containing nanoscale ZrQO, inclusions were grown on
basal-plane, sapphire substrate. The substrates were coated with an aqueous solution containing

aluminium nitrate and zirconium acetate and heat treated at 1200 °C. Powders were also pre-
pared from these precursors by spray pyrolysis and heat treatment. XRD and TEM analyses con-
firmed the expeécted nonequilibrium phase evolution from an amorphous inorganic to y-AlO3 to
v-ALO3 + tetragonal ZrQOs to 0-Al,O3 + tetragonal ZrOs. Cross-sectional TEM of the films con-
firmed homoepitaxy and the random spatial distribution of spherical, tetragonal ZrO, inclusions
approximately 20 nm in diameter. Nanoindentation studies show that these inclusions at 2, 5, and

15 vol% do not significantly affect the room temperature hardness of alumina.

1. Introduction

Chemical solutions can be used to synthesize inorganics. In this synthesis route, are
mixed in a common solvent and treated with heat and/or pressure to produce desired
phases. The viscosity of the precursor solutions can be tailored to give the properties
necessary to form a variety of shapes: includingparticlés, films and fibers. Previous re-
searchers have shown this processing route can be used to produce inorganic phase as-
semblies at low homologous temperatures where crystallization is kinetically constrained,
resulting in the formation of nonequilibrium phases that can lead to novel microstruc-
tures {1, 2]. ‘ o '
The crystallization of compositions in the ZxOq-tich portion of the Zr0,-Al,03 system
from solution precursors has been studied by Balmer et al. [1]. They showed, for compo-
sitions up to 40 mol% Al;O3, that the system crystallizes between 500 and 800°C as a
metastable single phase with a tetragonal ZrO, structure, while the equilibrium 7102
phase should contain- <2 mol% A1203- Higher temperat’ure heat treatment leads to the
formation of another metastable phase assemblage by the partitioning of this initial crys-
talline phase into ZrOs with reduced Al content and the _ineta.stable y-Al;O3 phase
with Zr in solid solution. Increasing the heat treatment temperature further caused

1) Work supported by AFOSR Contract No. F49620-96-1-0003.
2} To whom correspondence should be addressed. Phone: {805) 893-8056; Fax: (805) 893-8971;

e-mail: mcnaﬂy@engineering.ucsb.edu. ' _
3) Also at Rockwell Tnternational Science Center, Thousand Oaks, CA, USA.
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the y-AlyO3 to transform to a-Al,O3, with additional partitioning of ZrO,. Because of
the low concentration of nuclei, the a-Al,O3 grains grew very large to encompass many
of the much smaller ZrO, inclusions, which appeared to be segregated into linear arrays
21

Precursor processing lends itself to the production of films and can produce micro-
structure -not readily achieved in processing of large bodies. Since ‘nanoindentation al-
lows the mechanical properties of thin films to be probed, it permits the examination of
these unusual assemblages. Thus, the combination of precursor processing with nanoin-
dentation makes possible the exploration of structure—property relations outside of the
bounds of conventional ceramic microstructures.

In this study, we report the formation of single crystal Al,Oj3 films that contain ZrO;
inclusions, from Al,Oj-rich composition in the ZrO;—Al,0; system. The hardnesses of
these novel nano-composite films on sapphire substrates will be reported.

2. Experimenfal Procedure

Precursor solutions were prepared by mixing stock solutions of aqueous aluminium ni-
trate and zirconium acetate, assayed to contain the equivalent of 4.4 and 22 wt% of the
two oxides, respectively. Mixtures were prepared to yield, after heat treatment, a-AlO3
containing 0, 0.02, 0.05, and 0.15 volume fractions of ZrO,.

Powders for phase and microstructural evolution studies were prepared by atomizing
the precursor onto a Teflon coated aluminum sheet at 250 °C. Spray pyrolysis was used
to avoid crystallization of aluminum nitrate during solvent evaporation. Electron and
X-ray diffraction confirmed the amorphous nature of this powder. These powders were
heat treated for 1 h in Pt crucibles in air to temperatures between 700 and 1400 °C.
Heat treatments, except where noted, were carried out with a heating rate of 10 K/min.
Other specimens were “upquenched”, i.e. inserted to a furnace already at the treatment
temperature. Powder specimens were prepared for transmission electron microscopy
(TEM) by grinding, with a mortar and pestle, then dispersing the powder in ethanol
and placing a drop of the suspension onto a carbon coated Cu grid; many of the parti-
cles were electron transparent. The sizes of zirconia inclusions within the particles were
directly measured on TEM images using the average of two orthogonal major chords for
each inclusion observed (=24 inclusions within an area of ~23000 nm?).

Films were produced by spin coating with the precursors described above at 5000 rpm
for 30 s (Headway Research, Inc.) on a basal plane a-Al,Oj3 substrate (Crystal and Coat-
ing Tech., Inc. and Materials Tech. Int., Inc.) previously heat treated at 1400 °C. The
substrate and film was then heated at 700 °C for 5 min. This process was repeated until
the substrate was coated 10 times, after which it was heat treated to 1200 °C for 1h.
Multiple spin coatings of the precursor solution, each coating heated to 300 °C before
the next, produced films that contained cracks after 2 to 3 coats. It was observed that

such cracking could be avoided by heating to 700 °C between each coating; films with

10 coats could be formed crack free.

To prepare cross section foils for TEM, samples were cut in half in cross-section,
bonded to form a substrate/film/glue/film/substrate structure, and cut again to obtain
an approximately 300 pm slice of this sandwich structure. Thesc slices were thinned
using a tripod polisher (Allied High Tech Products, Inc.) to form a shallow wedge wherein
the film region could easily be made electron transparent by ion milling.
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Surface roughness of films was assessed by tapping mode atomic force microscopy

(AFM) (Nanoscope 111, Digital Instruments, Inc.). :
The hardnesses of the films were determined using a Nanoindenter® (Nano Instru-
ments, Inc.) equipped with three-sided diamond pyramid_-indénter, in which the angle
between the pyramid sides and the normal to the base is 65.3°. The indenter is 'att.a,chedv
to a rod and can achieve a depth re_solut:idnl;qu- +0.2 nm with a three plate capacitive
sensor. During an experiment load is controlled by varying the current through a coil

which interacts with a magnetic field. Loads from 0 to 12 g can be applied with a resolu-

“tion as high as 420 pg. Indén_’_ta.tion} experiments where load versus displacement was

recorded were performed using a constant load rate 0.03 g/s to a maximum load of 1, 5,
or 10 g. These load—displacement curves were adjusted for thermal drift using data Te-
corded during a hold period after partially unloading to 20% of the maximum load. Un-
like conventional techniques, hardness “d_etermihati"on'iéﬂho’t based on imaging and mea-
suring indention dimensions. after load removal (which can lead to overestimates of
hardness due to elastic »reco've_,ry).vlnstead the hardness (also ‘elastic modulus) is deter-

mined from load —displacement data measured throughout the indentation. Conversion

of load—displacement data requires knowledge of indenter geometry and elastic compli-
ance obtained from tt_xe:_uxﬂoading curve. A full descript"._i{)'n of the: nanoindentation’ pro-
cess and the necessary ‘calculations to extract a,'hardness'versus:depth curve froma

load —displacement data is. p_rovidéd by Doerner and Nix whose methodology was applied

3.

3. Results
3.1 Phase selection and micras{;ﬁzciurdl dév@zlqﬁmﬁeﬁt

Phases identified by X-ray diffractionv(XRD)_,aild‘ electron diffraction of powders con-
taining 0.15 volume fraction of ZtO; heat “treated for 1 h at temperatures between 700
and 1400 °C are listed in Table 1. These results indicate that the first crystalline phase
to form was y-alumina, ‘which could only be identified by electron diffraction owing to
its fine grain size. At 900 °C, ZrOy was detected as a second - phase, indicating that
partitioning occurs at, or prior to, this tempgfai;_ﬂre,The transformation of y- to a-alu-
mina was incomplete after a heat treatment of 1200 °C/1 h, but appeared to be com-
pléte after heat treatment at éither 1300 °C/1'h or 1400 °/1 h. Further, after heat treat-

Table 1 . o . SRR
Summary of diffraction results ‘(am amorphous, Y Y-
ZrOy and mon ZrOs(m)) - ) o

ALOs, & 0-AlO;, cub ZrOsx, tet

temperature (°C) XRD ' -~ TEM

700 “am

800 Y

900 v + tet or cub
1000 . Y + tet or cub
1100 - am + tet or cub Y + tet or cub
1200 o + tet y+o + tet
1300 a + tet " o+ tet +mon
1400 .. a+tet - mon '

16
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Fig. 1. TEM micrographs of Al,O;-ZrO,
powders, containing 15vol% ZrQO,, heat
treated for 1 h a) 1100, b) 1200, and <)
1300°C

ment at either 1300 or 1400 °C, some
of the ZrO, inclusions transformed

monoclinic structure.

TEM micrographs of powders heat
treated for 1h at 1100, 1200, and
1300 °C. are shown in Fig. 1a, b, and
c, respectively. After 1h at 1100°C
the material consisted of two phases,
fine (<5nm) zirconia particles in a
matrix of similarly fine grained y-alu-
mina. In the TEM micrographs, the
zirconia generally appears darker ow-
ing to its higher atomic weight. TEM
observations confirmed XRD results
showing the initiation of the y-to-o
transformation at 1200 °C/1 h. A par-
tially transformed particle is shown in
Fig. 1b. SAD, shown in the inset, re-
veals the presence of polycrystalline
Y-alumina and tetragonal zirconia
along with at least one large a-alumi-
na grain. The particle, heat treated
at 1300 °C/1 h, shown in Fig. 1¢ was
identified by SAD as a single a-alu-
mina crystal containing gzirconia in-
clusions and porosity. Monoclinic zir-
conia inclusions can be identified in
this micrograph by their lenticular
twin bands produced during the con-
strained tetragonal-to-monoclinic
phase transformation during cooling.
Fig. 2 shows that the mean and
width of the ZrQO; inclusion size dis-
tribution increases with heat treat-
ment period and temperature.

TEM micrographs of cross sections of thin films produced with 2, 5, and 15 volume
fractions of ZrO; inclusions, all heat treated at 1200 °C/1 h, are shown in Figs. 3a to c.
The inclusions are randomly distributed, roughly spherical, and approximately 20 nm in
diameter. It should be noted that the volume fractions of ZrQj inclusions appear larger

during cooling from tetragonal to the
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Fig. 2. tnélﬁéfxoﬁ‘size distributions for Al203;.ZrO2 pov'_v'cl_@rs,'i(",onta..inirig-.lﬁ'Vbl% 7104, heated 10 K/
min to 1200 °C/1 h, 1300°C/Lh, and 1300°C/4 b, or upquenched to 1300 °C/1 h. The curves show

- the percentage of inclusions smaller than a given diameter -

than meritioned above because the cross. séétioﬁ:‘thiékhesses:aré several times the inclu-

sion -did;'_ﬁéter’.‘ In addition, the ap_pearzince‘ that" the 'x__:r:(')‘llune" fra_x':tion;of inclusions i5'lower

"pear the surfaces of the films is due to the wedje shape of-‘the’ films produced during

specimen preparation. The selected area diffraction (SAD) pattern in Fig: 3d ([1210] zone
axis, based on the hexagonal unit cell), shows that “the’ d—AIﬁOg:pd:tioﬁ'.-of the film and
the substrate have identical crystallographic orientations. The inset in Fig. 3d shows the
‘area from. which ‘the SAD pattern was. obtained. The diffraction pattern also contains
low iritensity rings, not visible in Fig.'3d, which correspond to tetragonal 7O, and show
that the. inclusions ‘are randomly oriented within the single crystal thin film. Diffraction
patterns _f;dm many locations along the'length of ‘the film always showed epitaxy of

alumina and no grain boundaries were observed. A small number of pores (<2 vol%)
were also observed; these could be distinguished from inclusions by the presence of Fres-
nel fringes imaging slightly out of focus. Also, in films heat treated to 1200 °C/1h, the
v- to a-AlO3 transformation appears to be complete, unlike in powders where the trans-
formation is incomplete after this heat treatment. .

AFM examination of film specimens revealed surface features as large as 20 to 30 nm
in height with local maxima (high points) separated in-plane by 200 to 400 nm. Root
mean square (RMS) values for deviation from the average film height were 4 to 8 nm
measured over in-plane distances of 10 pm. The sapphire substrates, however, have been
shown to be an order of magnitude smoother (largest feature height ~2 nm and RMS

roughness ~0.5 nm {4]).

3.2 Hardness studies

Films of 150 to 200 nm thickness, formed by 10 sequential coa.t‘uig/ pyrolysis steps and
heat treated at 1200 °C/1 h, were used to determine the effect of inclusions on hardness.
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Fig. 3. TEM micrographs of cross sections of thin films heat treated at 1200 °C/1 h produced with
a) 2, b) 5, and ¢) 15 vol% of ZrO, inclusions. Film and substrate location is indicated in a). d) SAD
with [1210] zone axis of the 15 vol% film confirms the homocpitaxial nature of the film; the diffrac-
tion area is shown in the inset

Nanoindentations made with loads 1 to 10 g produced clean, pyramidal impressions,
with no evidence of cracks. Maximum penetration depths of approximately 100, 275,
and 350 nm were achieved for loads of 1, 5, and 10 g, respectively, for all specimens,
regardless of the volume fraction of ZrO, inclusions. Large data scatter was obtained
using a peak load of 1g, relative to data collected at 5 and 10 g peak loads. Hardnesses
of a sapphire substrate and films containing the different volumen fractions (0, 2, 5, and
15%) of ZrO; inclusions are compared in Fig. 4a to e for indentations with peak loads of
5g. This load provided shallower indentations than 10 g loads and therefore these in-
dents are more sensitive to film properties. Each curve, five on each plot, corresponds to
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a single indentation experiment. The data show a broad maximum; hardness rises to a
peak, then gradually decreases with increasing penetration depth. At a penetration
depth of 150 nm, the uncoated substrate has an average hardness of 30 GPa. The epitax-
ial thin film without ZrO; inclusions, ie. a sapphire film, has a lower average value of
95 GPa at the same depth. The hardnesses of epitaxial films are unchanged within the
sensitivity of the nanoindentation measurements by the addition of ZrOs.

4. Discussion =
4.1 Development of the two-phase-epitaxial fim o ‘

The observation of crystallization of a single phase, y-Al,O3, the partitioning of 7103
from this phfxse, and the transformation of the y- to 0-Al,03 with increasing tempera-
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ture is typical for the evolution for materials synthesized from chemical solutions. This
sequence results because precursors pyrolyze at low temperatures where insufficient dif-
fusion occurs to allow atoms to rearrange over long distances and form the equilibrium
assemblage of phases. Instead, the pyrolyzed precursor forms metastable structures that
tolerate more defects, and metastable phases with extended solid solubility. We observe
the crystallization of a metastable solid solution phase, y-Al;O3 containing 0.17 mole
fraction (equivalent of 0.15 volume fraction) of ZrO,. Similar observations have been
made for nearly identical compositions formed by rapid solidification {5]. Higher tem-
perature heat treatment provides the atomic mobility for the long-range diffusion neces-

sary for partitioning, leading to the nucleation and growth of ZrO; as a second phase. It

is not clear from our TEM and XRD studies whether this zirconia is cubic or tetragonal
for treatment temperatures below 1200 °C, because of line broadening due to the small
grain size. At 1200 °C/1h, y- Al,O; transforms to a-Al,O3 and it is presumed that further
expulsion of ZrO, occurs because of the lower solubility of zirconia in the a-alumina phase.
Since this transformation is complete in thin-film specimens, but not in similarly treated
powders, we conclude that the substrate provides a nucleation site. The lower tempera-
ture y- to a-Al,O; transformation in films likely causes the smaller mean inclusion size
in films (20 nm) than in powders (50 nm) after the same heat treatment (1200 °C/1h),
since the diffusivity of ZrQO; is lower in a-Al;O3 than in y-Al;O3. Upon cooling to room
temperature from 1200 °C these inclusions, owing to their small size [6], remain tetrago-
nal rather than transforming to the monoclinic phase. Only upon further heating, which
allows the ZrQO, inclusions to coarsen, they transform to the monoclinic phase during
cooling.

The inclusion of zirconia grains within the a-alumina grains and within the epitaxial
AL O; occurs during the y to o transformation. This entrapment results when a small
number of o nuclei grow and the relatively immobile zirconia can neither pin, nor move
with, the advancing boundaries. Porosity appears to be entrapped by the same phenom-
enon. Entrapment of porosity by such a process was previously observed {7] for the
epitaxy of PbTiO; on SrTiO; (both perovskites), where the first phase formed during
the crystallization of PbTiO3 was not a perovskite, but a metastable fluorite. In both of
these systems, the free energy change that drives the epitaxial growth is not only the
free energy decrease due to the elimination of grain boundaries in the polycrystalline
thin film, but also the free energy reduction of a phase transformation. Thus, the driving
forces for epitaxy are larger than in systems not involving a phase transformation, and
inclusions and pores should be less effective in hindering the epitaxy process.

4.2 Hardness

The 1 g loads were found not to give reproducible results. This is expected since the
shallow indents barely extend past depths generally considered unreliable due to prob-
lems with indenter tip imperfection and surface roughness. For these reasons, data for
depths <30 nm was not considered. The initial portion of each of the hardness/penetra-
tion curves consists of a broad maximum and hardness gradually decreases with increas-
ing penetration. The presence of higher hardness values for shallow depths is a common

_ observation which has been the subject of much debate [8 to 11]. Less typical and appar-

ently peculiar to depth sensing techniques is the observation of initially low hardness
values {10 to 12]. In our measurements, this could be due to surface roughness. For the
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purpose of comparing film hardness we have chosen the values at 150 nm depth, which
genera{ly lies beyond the maximum, in the region of gradual decrease. Since the depth of
the plastic zone associated with the indentation should extend approximately three
times the penetration depth [13}], these hardness values reflect the hardnesses of both the
film and substrate. Methods for extracting film hardness have been proposed by a num-
ber of workers [11, 14] but generally depend on an assumed knowledge of substrate and
interface properties and were not deemed necessary to this investigation.

The purpose of the nanoindentation experiments was to examine any differences in
hardness of the epitaxial films and sapphire substrates. The hardness data, in Fig. 4a,
for the sapphire substrates agree well with data reported elsewhere [10]. The hardnesses
of films with or without ZrO, inclusions were found to-be ~17% lower. These films were
more variable as well. These observed differences (lower magnitude and greater variab-
ility in the films) appear to be accounted for by the effects of surface roughness rather
than variations in the intrinsic properties of the films.” Roughness may be viewed as a
surface layer of lower hardness than the underlying material, since material in such a
layer is not fully constrained. If this hardness is- negligibly small, the roughness effec-
tively causes an overestimate of the penetration depth h of the indenter by an amount
equal to the layer thickness. Since the measured hardness is inversely proportional to 2,
the hardness is underestimated. For the films with a rough layer of 10 to 20 nm thick-
ness, this underestimate is ~13 to 25% at the indentation depth of 150 nm. In contrast,
the surface roughness on the uncoated substrates, which is an order of magnitude small-
er, has a negligible effect on the measured hardness.

The presence of ZrO, inclusions might be expected to affect the hardness of films by
pinning dislocations. An upper bound estimate of the hardness increase due to the mech-
anism may be obtained from the increase in yield stress, Aty, given by [15]

At,=Gb/(L-27), )

where G is the shear modulus of AlO3 (=150 GPa), b is the absolute value of Burgers
vector of the relevant slip plane, L is the inclusion spacing, r is the inclusion radius, fis
the volume fraction of inclusions, and L = 4r/3f. If we assume slip on the basal plane,
where b= 0.476 nm, the increases in yield stress obtained from Eq. (1) are 0.11 GPa,
0.28 GPa, and 1.0 GPa for volume fractions of inclusions of 0.02, 0.05, and 0.15, respec-
tively. So, following the analysis for Johnson {16] for sapphire’s ratio of Young’s modulus/
yield stress (=40) then hardness is <27, and we should expect a maximum hardening
effect of <2 GPa. Since the measured values of the sapphire substrate were more than
ten times this increment, the ZrO, inclusions should have little effect on the hardness of
the thin films at room temperature. Further, the variability in our samples makes detec-
" tion of this small effect unlikely. '

5. Conclusions

Single crystal homoepitaxial a-alumina films containing nanosize ZrQ, inclusions can be
- produced by the chemical solution deposition method. Cross section TEM confirmed the
homoepitaxy of the matrix and the random spatial distribution of inclusions of ~20 nm
in diameter. These films, as well as similarly derived powders, follow a phase evolution
path consistent with the principles of kinetically limited crystallization. XRD and TEM
confirm the following sequence of non-equilibrium phase evolution: 1. amorphous inor--
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ganic; 2. y-alumina; 3. y-alumina + tetragonal zirconia; 4. a-alumina + tetragonal zirco-
nia. Nanoindentation studies show that these inclusions do not significantly affect the
room temperature hardness of alumina.
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